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AB STR A C T
In this thesis, both fundamental work and its applications will be presented. The 
course of the work is based on AFM analysis which : has been recently established as 
a standard surface analysis tool. The study was aimed at aqueous corrosion of 
polycrystalline copper in both ex situ and in situ investigation. Recently published 
literature on initial corrosion, i.e. dissolution, deposition, adsorption and etc. of 
copper will be reviewed at the beginning. The first part of this work was carried out 
by means of computational calculation in order to enhance and make more 
pronounced AFM imaging on both a micro-scopic scale and a nano-scopic scale. 
Image convolution caused by a finite size of a probing tip and other sources of noises 
were examined and further protected or reduced in AFM imaging. A new filtering 
technique, as a so-called “closingfilter” was developed to solve the problem of 
downward noise presented in a grey-scale image before a well known morphological 
de-convolution will be adopted. Computer simulation of rigid surface models 
scanned by an idealised probing tip was performed in order to optimise imaging 
conditions and probing tip selection. Consequently, the work could yield one the best 
AFM atomic image of HOPG ever published and further suggested a possibility of 
diamond-like structure of graphite induced by the probing tip load force. The second 
part dealt with experimental work in both ex situ micrometer scale examination and in 
situ observation at atomic level under dilute HC1 solution. The standard method of 
sample preparation was adopted, in which the process clearly revealed crystal grain 
and other microstructure. An interesting relation between etching rate and its micro­
roughness was found which could lead to estimate dissolution rate by using AFM. As 
a consequence of the work, the top-most grain was selected, which was assumed to be 
the most thermodynamic stable face, i.e. Cu(l 11) for examination on an atomic scale. 
The result found was that the adsorbed layer of Cl ions on a bare copper surface have 
the structure (V3  x V3)R30°-C1, which is in good agreement to most literature on 
single crystals. This is the very first report that provided an alternative method for 
study of initial corrosion by AFM at atomic level, especially, to study engineering 
metals rather than the mostly published work using single crystals.
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1CHAPTER 1 
Introduction
Atomic force microscopy (AFM) is a useful surface analysis technique for study of 
aqueous corrosion because it is the best device for in situ investigation of surface 
topography. The simplicity of imaging on a micro-scale with AFM is in marked contrast 
to the difficulty of operating at the nanoscale. Therefore much published work is not 
done at atomic resolution but is undertaken at the microscale. Rather little has been 
published for in situ aqueous corrosion on AFM atomic scale imaging compared with, 
for example, that published using scanning tunnelling microscopy (STM). Although, 
corrosion has macroscopic effects, it originally starts at atomic level and it would be very 
useful to study phenomena at this level of resolution. The atomic behaviour is more 
complicated to interpret than the conventional familiarity of the microscopic point of 
view. A study of dissolution and inhibition more directly at atomic scale is a good 
example of work that would be usefully undertaken by AFM. The role of step edges, 
defects and crystallographic facets in the dissolution and deposition process need to be 
investigated. The observation by means of in situ atomic imaging could provide both 
kinetic and structural information at solid surfaces in contact with its natural 
environment.
In situ AFM studies under liquid have been utilized to investigate the influence 
on aqueous corrosion of the initial dissolution, and the nucléation and growth of oxide- 
covered surfaces at the micro-scale down to the nanoscale. Although, much previous 
works have been done by STM, AFM has several advantages over the STM for in situ 
electrochemical investigation: i.e. there is no inherent bias potential and no problems of 
non-tunnelling currents. However, such advantages are offset by the difficulty of atomic 
imaging by AFM, which follows from its poorer vertical resolution. It is vital to 
understand the fundamental contrast mechanism of atomic imaging if  this is to be 
improved. The optimum conditions for a good result are crucial to this understanding. In 
other words, it would be useful to have a standard procedure of atomic imaging by this 
surface analysis technique which would allow maximum enhancement of the corrugation 
amplitude and thus maximise vertical resolution.
2Imaging on the nanoscale by AFM has many particular problems. For example, 
the optimum contact force, the elastic modulus of the tip-sample system, the tip apex 
random orientation, the multiple-atom tip interaction and the solution mediated 
interaction. The results undoubtedly depend on these factors as they affect an image such 
as its corrugation amplitude and its real structures. Sometimes, use of a different apex tip 
yields an apparent result which is significantly different from those obtained with 
previous tips. These are the reasons why one needs skill and knowledge in both 
experiment and theory to cope with complicated problems such as these. Moreover, 
some limitations of imaging from mesoscale (submicro-scale) to micro-scale should be 
well understood, for example, the limitation of the tip radius of curvature and the tip 
aspect ratio as these give rise to broadening effects or other artefacts (convolution) in an 
image.
Mathematical methods can be utilised to reduce artefacts in scanning probe 
images on meso-scale, particularly, when operating on a surface feature which has a 
radius of curvature close to that of the apex-probing tip, such as granular features of 
metals oxide growth. Such methods based on deconvolution of surface and probe shapes 
are generally known as morphological reconstruction. However, an artefact caused by a 
limitation of the probing tip aspect ratio cannot be reduced by morphological 
reconstruction. This kind of convolution normally exists in a micro-scale image. For 
example, imaging on a very steep surface profile or on a very high uneven structure gives 
rise to this problem. In this case, special probing tips, such as an electron beam carbon 
deposition tip or carbon nanotube tip, have been applied to avoid the problem. These 
methods improve and yield a better resolution of an AFM image.
On of the most popular of standard samples in scanning probe microscopy is 
highly ordered pyrolytic graphite (HOPG). It is one of the most thermodynamically 
stable allotropie forms of carbon at room temperature. It can be cleaved easily with an 
adhesive tape along the (0001) direction in order to reveal a fresh surface structure. As 
its layers have a simple structure and are stable and of easy preparation without any 
further treatment, it can be used for calibration of the piezoelectric scanner in the lateral 
plane, i.e. x, y directions. Moreover, it also could be used to study mechanism of AFM 
imaging on nanoscale and thus ideal for the investigation of the corrugation amplitude of 
atoms in the graphite surface. This work would provide that basis for optimising atomic
3contrast and surface structure when undertaking atomic scale imaging by a suitable mix 
of experimental works and computer simulations of the tip surface interaction.
Aqueous corrosion is inevitable yet complicated at the macroscopic point of 
view. An understanding of behaviour at atomic level could lead to a simpler solution for 
a corrosion problem. It is this which could be provided by the reliable use of this 
innovative technique, i.e. real time imaging under liquid could be obtained. In situ 
investigation techniques in an aqueous environment for studying corrosion provide not 
only complementary methods but also have advantages, in being non-vacuum and 
compact techniques, over many ex-situ surface analytical techniques, such as AES, XPS, 
and SMS. The real space images of surface atomic structures are obtained directly from 
its natural environment by taking a snap shot image or measuring a consecutive series of 
images during the initial stages of the corrosion process.
Most publications describe investigations on single crystal surfaces. A basic 
guideline for this type of work has been provided by the many experimental studies by 
scanning tunnelling microscopy (STM). Almost all reported papers concern the 
fundamentals of adsorbed layers and its influence on dissolution and deposition of single 
crystal metal surfaces. However, polycrystalline metals such as copper surface at atomic 
scale have not been reported. Of course, it is more useful, practically, to investigate the 
behaviour of engineering metals surfaces at atomic scale. Although, it seem to be more 
complicated than pure science research. This is because of its complexity of samples 
under investigation such as impurities, crystal imperfection and different condition from 
a sample preparation routine.
The object of this thesis was to specify more closely the conditions necessary for 
the better use of the AFM technique within a context of corrosion. The theoretical 
calculation of model surface structures and probing tips are first studied. These 
calculation results are then utilised and applied to the experimental work. Although, 
copper and copper-based alloys are seem to be noble metals in an atmosphere because of 
their naturally protective film of patina, these thin oxide layers are not stable in an 
aqueous environment, especially in the presence of anions such as chloride ions Cl" and 
sulphate ions SO^". An investigation of polycrystalline copper under such an
environment would give a useful understanding of corrosion at atomic level by using in 
situ AFM.
4CHAPTER 2 
Literature Review
In the first chapter, in situ atomic force microscopy (AFM) imaging, as a new surface 
analysis tool, was described and two potential problems were identified: measuring at 
the atomic scale; and the limitation of tip shape when imaging at meso-scale to micro­
scale. Mathematical methods might be used to solve the tip shape geometry problem. 
For higher resolution, a standard sample such as highly ordered pyrolytic graphite 
(HOPG) could be employed to study the imaging mechanism on a nano-scale and thus 
determining how imaging conditions can be optimized. Hence, by solving these 
problems and by gaining a good understanding of its principle background, it will be 
possible to characterize engineering materials from microscopic down to atomic 
resolution, for example, polycrystalline copper within the context of corrosion could be 
studied rather than the single crystal material which forms the basis of much published 
literature.
The scanning probe microscopy (SPM) techniques have provided us this 
opportunity of investigations directly down to atomic level. The atomic behaviour 
underlying corrosion, i.e. dissolution, adsorption and deposition could be disclosed in 
order to understand the fundamental mechanisms. This chapter is aimed at a review of 
previous published papers in the context of studying the initial corrosion of copper and 
copper-base alloys in an aqueous environments by in situ SPM.
2.1 Introduction
Metals have been transformed from ores or natural products. During smelting and 
refining they increase their free energy and decrease their thermodynamic stability. They 
are all thus subject to degradation by corrosion, losing much money in repair and 
replacement cost per year. Many scientists and engineers have tried to combat this, with 
millions of pounds of research, to reduce such an inevitable loss by painting, coating, 
and other corrosion protections. However, in some cases these protection methods can 
not be used directly. Particularly, in the case of aqueous corrosion when high 
concentration of anions are present in the environment.
5Most of the conventional methods of surface analysis have been used to 
investigate the origin of corrosion processes. Unfortunately, these techniques are likely 
to be unsuitable for in-situ investigation under aqueous conditions. The outcome seems 
to be that only macroscopic results are obtained, when the process needs to be 
considered on the atomic scale. However, the complementary evidence provided by the 
different techniques, could be used to provide reliable final conclusions.
2.1.1 Classification of corrosion test methods
There is an excellent review article giving a guide and classification of methods for the 
study of corrosion (Castle 1987). The conventional methods were categorised according 
to the outcome and the corrosive environments rather according to their common 
features in the techniques. The corrosive environments were normally distinguished into 
two types, i.e. gaseous type and aqueous type in which the study of the second one is the 
purpose of this thesis. The objectives involving knowledge of corrosion are, to 
understand three kinds of surface phenomena, i.e. kinetics, chemistry and morphology. 
The optimum method or any set of combined techniques should be carefully selected in 
order to get proper information.
Because corrosion initially involves surface phenomena, arising from the 
material’s contact with its surroundings, surface analysis techniques are normally 
employed to study and examine corrosion processes. The corrosion products are the key 
target of the investigation so as to elucidate the origin of the attack. The role of surface 
analysis techniques in corrosion is highly concerning and relevant.
2.1.2 The role of surface analysis in corrosion
There are two main techniques of electron spectroscopy to study corrosion, i.e. Auger 
electron spectroscopy (AES) and X-ray photoelectron spectroscopy (XPS) (Castle 1986). 
They have been used to study corrosion since their pioneering days. Nowadays, they 
have become mature and crucial techniques of surface analysis due to their importance 
in post-corrosion failure investigation. The formation and composition of interactive 
layers can be analysed after they are produced by corrosion. This will normally proceed 
further, leading to a failure or a disbonding of surfaces and interfaces under various 
corrosive environments or under various actual circumstances.
6The third commonly used surface analysis technique in corrosion is secondary 
ion mass spectroscopy (SMS). It has a very wide detection limit, i.e. ppm to ppb and 
can characterise all elements. Unfortunately, it has a very great range of ionisation rates 
for different elements that gives rise to a quantification problem (matrix effects). 
However, the higher cost systems, static SM S or time of flight SM S (TOF-SMS), can 
be utilised to provide a solution for the problem. Furthermore, there are other ion beam 
techniques used in corrosion studies, such as Rutherford back scattering (RBS) and its 
related technique, i.e. ion scattering spectroscopy (ISS). These techniques require 
monoenergetic beam (helium ions) that are bounced or scattered from the surface to be 
analysed.
There are some limitations to these techniques that need to be considered.
Placing a sample under ultra high vacuum environment and also the impact of the 
analysis beam itself can possibly change or modify the structure and composition of the 
surfaces to be examined. Corrosion of metals is frequently a dynamic process, while the 
analysis methods are normally static techniques, can only take a snapshot in time of 
composition and passive layers. Its disadvantages are crucial, a carefully operation 
needs to be done when an ex situ investigation is performed. Moreover, the techniques 
are still quite expensive and not widely utilized.
Several near surface techniques which are lower cost, not having the need to use 
ultra high vacuum, and easies to use, such as energy dispersive X-ray analysis (EDX), 
Fourier transform infrared spectroscopy (FTIR) and laser Raman spectroscopy (LRS) are 
also used to investigate both the fundamentals of corrosion and failures involving 
corrosion. However, their analysis depth is much larger and they are poorer in sensitivity 
to surface layers and in resolution.
2.1.3 The role of scanning probe microscopy in corrosion
For many years scanning probe microscopy has been used to study metal surfaces within 
context of corrosion, for both ex situ and in situ investigation. Much published works 
confirmed that it is extremely useful for real-time observation of corrosion from the 
microscale down to atomic scale. It has advantages over traditional methods; i.e. its in 
situ imaging study of corrosion in aqueous environments is being acknowledged firmly.
7Its feature of three-dimensional (3-D) imaging allows us to characterise surface 
roughness and gives an atomic scale image of a surface.
SPM is of potential use to analyse, quantitatively, dissolution, corrosion rate and 
mechanisms of film formation of engineering materials such as steel, aluminium and 
copper. The standard procedures of sample preparation, i.e. sectioning, grinding, 
mechanical polishing and also electropolishing are directly applied as part of this 
technique. Since, traditional metallurgy has long made use of optical microscopy and 
extended this to higher resolution by using scanning electron microscopy (SEM) and the 
transmission electron microscope (TEM) it is logical that the newer techique of SPM 
should be used. This then overcomes the problem that neither SEM nor TEM can be 
employed to study aqueous corrosion as an in situ investigation. However, these 
techniques are still very useful as they can be used to complement the weak point, that is, 
the tip-shape convolution, in the SPM technique.
2.1.4 Aqueous corrosion of copper and its alloys
Copper and its alloys have been in widespread use since antiquity, for current examples, 
one can cite their use in water distribution systems, steam condensers, evaporators and 
heat exchanger systems in which seawater, brackish or fresh water are the coolant. 
Because of it having the highest electrical and thermal conductivity among the industrial 
metals, it is very important in the electronics industry, e.g. in printed circuit boards, and 
as connecting wire in silicon chips (replacing aluminium). Copper also has wide use in 
radiator, refrigerator systems and electrical wire, etc. Moreover, it has moderate 
mechanical properties, excellent work ability, ease of joining and good corrosion 
resistance in a variety of environments. Apart from the noble metals, copper is one of the 
most stable metals as it has a high electrochemical potential. Unfortunately, it can be 
corroded in aqueous condition in which oxidising agents, such as dissolved oxygen or 
other anions have a high concentration.
Copper is not an inherently reactive metal and oxidizes moderate slowly in 
aqueous environment at room temperature. Loss of an outermost electron gives the 
cuprous ion Cu+, and cupric ion Cu2+ for that of two electrons. When cuprous ion or 
cupric ion covalently reacts with oxygen it gives a protective film of cuprous oxide,
CU2O and or cupric oxide, CuO respectively. Indeed, the rate of corrosion is normally
8low, even without a protective film or other insoluble corrosion products. However, such 
passivity does not seem to be valid in high concentration of active ions such as chloride 
ions and sulphate ions. Rates of its corrosion increase with concentration of acid, 
temperature, amount of aeration and speed of flow.
Copper is usually more resistant to corrosion when alloyed with other minor 
elements such as zinc, nickel or tin. However, its alloys are likely to undergo a selective 
type of corrosion such as dezincification of brasses, erosion corrosion and stress 
corrosion cracking. The problems that arise are often discussed under the cases of sea­
water and fresh water or brackish water in which are mixtures of waters and often of 
variable ratio of concentration. This point is interesting in term of fundamental 
mechanism or kinetics at atomic level, and could be studied by means of in situ AFM 
investigation as a function of its varied composition. The outcome may provide a better 
way to reduce the corrosion rate of copper and its alloys in a brackish environment. 
Suitable resistant alloys have been use to lessen corrosion problems, but these still 
frequently arise due to lack of proper structural design or operation.
2.2 SPM study of aqueous corrosion of copper and its alloys
Scanning tunnelling microscopy (STM) was developed by Binnig et al. (1982), it has 
since been utilised to study the aqueous corrosion of materials in various solutions. This 
new fascinating surface analysis technique and also its derivative, i.e. atomic force 
microscopy can be used to observe a real 3-D space image such as surface topography, 
surface atomic structure, and other surface properties. They have several advantages 
over traditional methods, for examples, imaging within a short period of time, i.e. 
snapshot images can be compiled to give the kinetic behaviour of dissolution, deposition, 
adsorption and other surface phenomena. Much published works have shown a lot of 
unprecedented results in which the technique has been proved to study the mechanism of 
dissolution with atomic scale resolution.
STM is likely to be more frequently found in the literature than AFM especially, 
in the case of studying single crystal copper and other metals, since it is good at vertical 
resolution and suitable for an electrical conductor sample. However, one problem needs 
to be taken into account, the non-tunnelling current as it leaks through the conduction 
provided by the measuring liquid cell, i.e. Faradiac currents. Hence, the tip needs to be
9coated and just the very end of its tip left exposed to the sample. Moreover, the imaging 
result may be caused by the local conductivity, i.e. the localised Fermi level of the 
sample surface under investigation and not by the tunnelling current. In the later case 
the imaging profile may be mixed between surface topography and surface conductivity. 
Nevertheless, STM is still be very popular as it easy to use and easy to modify for a 
particular study beyond a commercial availability.
2.2.1 STM study of copper in hydrochloric acid solution
Suggs and Bard (1994) applied in situ STM to study the dissolution of copper (111) with 
atomic scale imaging in aqueous chloride solution. A sample with a mirror-like finish 
prepared by a standard procedure followed by electropolishing in 1:1 
water/orthophosphoric acid was used for the investigation. The tunsten tips were 
electrochemically etched in 1M KOH and coated with clear nail polish, polyethylene or 
Apiezon wax. Oxide on the freshly electropolished surface was removed in 10 mM HCI 
by sweeping the electrodpotential between hydrogen evolution and metal dissolution.
The chloride adsorbate layer was found to be (6V3 x 6V3)R30°-C1 wih a coverage of 0.45 
{(7 x 7) -Î- (ôV3 x 6V3)}, i.e. the close-packed row has seven Cl atoms along a distance 6 
V3 of <211> direction and rotated 30° with respect to the close-packed rows of copper 
(111) substrate as shown in figure 2.1
Figure 2 .1 . Model of surface adsorbate structure of chloride on Cu (111),i.e. (6V3 x 6V3) 
R30°-CI. (from Suggs and Bard, 1994 [fig2c]).
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The chloride adlattice structure forms with a nearest Cl-Cl distance of 0.38 nm. 
This result is in good agreement with the model proposed by Goddard and Lambert 
(1977) from the low-energy electron diffraction (LEED) study of dosing Cl2 on copper 
(111) in ultrahigh vacuum. The result obtained in meso-scale imaging, i.e. 50 nm x 50 
nm scan size, by STM shows a series of copper (111) pile terraces with particular step 
edges angle at 120°. The terrace widths were continually changing although the 
electrode potential was lower than that for onset of dissolution. The upper terrace 
decreased, vice versa to the lower one which was the result of the adsorbed chloride 
enhanced mobility of the topmost copper layer, especially at the kink sites and step 
edges. The anodic dissolution was further observed by slowly increasing the electrode 
potential, at about 1-2 mV/sec (which also increases point defects in the Cl adlayer). 
The initial stages of copper dissolution were found to be controllable with the 
preferential dissolution sites at the edges along <211> direction (kink sites were present 
every other atom). A closer inspection of the dissolution mechanism has shown that the 
step edges were pinned by the presence of a more noble impurity atom, e.g. sulfur. The 
pinning effect is theoretically possible (Chui and Weeks 1981) by initially forming 
protruding points, i.e. a triangular peninsula (size ~ 5 nm). However, it was shown that 
the peninsula edges become smaller, dissolve and finally disappear.
A year later, Suggs and Bard (1995) reported the anodic dissolution and 
deposition of copper (100) electrodes in 10 mM HCl.The result showed a clear (V2 xV2) 
R45°-C1 structure. The preferred reaction sites are step edges along the <100> of 
substrate direction (see figure 2.2) in both of the dissolution and the deposition (similar 
to that of Cu(l 11) <211> direction).
11
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Figure 2.2 Model structure of the Cu(100) (V2 x V2)R45°-CI, preferred reaction sites are 
step edges along the <100> direction, on 4-fold hollow sites.
Two steps are important in the mechanism of anodic dissolution, firstly the Cl" adsorbs 
on the 4-fold hollow site and secondly, this is followed by another Cl" combining with 
the adsorbed CuCl giving a CuCl'2 ion which diffused into solution.
Vogt and co-workers (1996) reported the initial stages of corrosion of single­
crystalline copper (100) electrodes in 1 mM hydrochloric acid solution. They found the 
same adsorbed layer structure which is (1 x 1) <-> c(2 x 2) transition, i.e. the primitive 
(V2 x V2)R45° unit cell in good agreement with the report of Suggs and Bard. The phase 
transition induced by the adlayer close to the transition potential was investigated 
extensively. At a negative potential lower than the desorption peak (-0.43 vs. Ag/AgCl 
in KC1 sat, Na2S04 salt bridge), the steps on the (1 x 1) of bare copper surface are 
preferential along [Oil] direction. The potential was stepwise increased to allow 
adsorption, which further etched into a terrace along [Oil] first and then induced 
substrate restructuring to form steps along preferential [010] and [001] directions (see 
figure 2.3).
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Figure 2.3 Series of STM images of Cu(100) in 1 mM HCI at stepwise increased
potential across an adsorption peak, (a) -0 .4 3  V started (b) -0 .4  V 9 min.
(c) -0.34 V 1 1 min. (d) -0.21 V 22 min. (e) -0 .2  V 27 min. and (f) -0 .17  V 44 
min. after start imaging in (a).(from Vogt et. al. 1996 Fig.3)(63 nm x 63 nm)
They found that at higher electrode potential mass transfer was increased, 
increasing the rate of dissolution into the electrolyte. The chloride-covered layer is in 
dynamic equilibrium at a potential o f—0.21 V. and the kinks appear to be step 
fluctuations. This constant potential maintains the rate of dissolution the same as that of 
re-deposition processes at particular kink sites rather than the whole length of the steps. 
Hence, the Cl" adlayer is responsible for protecting Cu transfer from the surface into the 
solution by the dissolution process.
Kruft and co-workers reported chloride adsorption on C u (lll)  electrodes in 
dilute HCI solutions (1997). They used standard UHV preparation of the sample 
(sputter-annealing cycles) after typical mechanically polished in order to exclude oxide 
layers. The sample and the electrolyte were transferred from UHV to electrochemical 
cell without being exposed to the air within a load-lock chamber filled with argon. The 
well-ordered surface was further achieved by electropolishing in 50% orthophosphoric 
acid (H3PO4 ) for about 1 minute. The result shows a (V3 x V3)R30°-C1 adsorbate 
structure and a cyclic voltammogram has clearly no oxygen reduction peak but shows
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only a pair of peaks in accord with chloride adsorption or cathodic peak at -1 V. and 
desorption or anodic peak at -0.8 V. corresponding to the STM atomic images as shown 
in figure 2.4.
E (V) vs. Hg,SO,
Figure 2.4. STM image correlated to the CV of Cu(111) in 10 mM HCI at scan rate 10 
mVs'1. (from Kruft et al. 1997)
Wilm et. al. (1998c) reported the step orientation and surface dynamics of Cu 
(111) in hydrochloric acid electrolyte by their home-made electrochemical STM. The 
electrolyte had 10 mM concentration and was purged with argon gas in order to remove 
oxygen. The measurement was also done in argon atmosphere for preventing oxygen 
contamination. They used platinum wire as the counter electrode and a silver wire as the 
reference electrode in which Ag forms Ag/AgCl in HCI. The initial state shows terraces 
and steps in a random arrangement, i.e. no preferential steps direction. After 30 minutes, 
the sample surface was restructured in its surface topography by the close-packed Cl 
rows adsorbate. Interestingly, the shapes of the terraces run along <211> substrate 
direction to form enclosed angles of 120° (see figure 2.5) and decomposed to a pile of 
lower terraces.
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Figure 2.5. Topography (260nm x 260nm) of Cu(111) in 10 mM HCI at -0 .4  V vs.
Ag/AgCl (from Wilms et. al. 1998c)
The results of atomic resolution image shows the adlayer of (V3 x V3)R30°-C1 
structure. The steps are oriented along the closed-packed Cl rows by the strong 
interaction of absorbed chloride and copper substrate as shown in figure 2.6. Each Cl 
atom binds to three copper atoms and let a free Cu atom easily diffuse either along the 
step or else leaves the step.
O  Cu Q  Cl
Figure 2.6 Model structure of Cu(111) (V3 x V3)R30°-CI, the stabilization of steps
along Cu<211>direction, i.e. the closed-packed Cl rows (from Wilms et. al. 
1998c)
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Vogt et. al. (1998) reported in situ STM study of Cu(100) electrode surfaces in 
hydrochloric acid solutions in the potential range -0.6 to -0.1 V versus Ag/AgCl. This 
work examined the initial stage of the surface structure and dynamics in the double-layer 
region of the anodic dissolution. The result has shown that the structure above and 
below the potential -0.4 V revealed c(2 x 2>C1 adlayer and a (1 x 1) of bare copper 
surface lattice respectively. The surface dynamic behaviour of atomic steps and kinks 
strongly depends on the chloride adsorbed layer. The equilibrium changing between two 
reversible processes i.e. dissolution/deposition was reported in both phases.
The adlattice has shown that preferential steps along [010] and [001] of substrate 
directions. The active copper atoms are removed from the kink sites in these two steps. 
However, the results are in good agreement with those they have previously reported in 
1996. The locally anisotropic etching was also observed in the potential around -0.15 V 
where the potential rate is low. At the higher potential which causes higher etch rates, 
the adsorbate species fray from the copper terraces and an amorphous structure of bulk 
CuxCly probably forms above -0.06 V. Furthermore, the dissolution could be inhibited 
or promoted by surface impurities.
The investigation of an another low index plane of single crystal copper, i.e.
(110) has been reported by Wan and Itaya (1999). A copper crystal was polished by a 
standard procedure with annealing at 600-700 °C in hydrogen atmosphere for 2-3 h, 
followed by electropolishing and examined cyclic voltammograms before performing in 
situ STM imaging. They found that halide ions, i.e. I" and B f  formed identical structures 
of c(2 x 2) adlayèfslwhile Cl" formed a (4 x 1) reconstructed structure.
2.2.2 AFM study of copper in hydrochloric acid solution
Josefowicz and co-workers (1993) observed anodic dissolution and deposition of copper 
using in situ electrochemical AFM. The working electrodes were freshly cleaved HOPG 
and high purity copper. The electrolyte solution was mixed of 0.2 mM CuS04 and 2 mM 
HCI in distilled water. The micrometer scale images were measured corresponding to the 
CV scan in the Tafel regions and in the current-limiting regions. Cupric ions form small 
copper crystals on HOPG during the first loop o f a negative potential, i.e.
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Cu2+ + 2e -> Cu
while a positive potential the electrode remained unchanged. After deposition of copper 
crystals, the mechanism of reaction at low positive potential confirmed Tafel-like 
behaviour, as described by:
Cu + Cl -> CuCl(ads.) + e"
Cuci(ads.) +cr->(Cuci2y
At higher positive potential, the reactions of dissolution were given by:
Cu -> Cu2+ + 2e' 
and CuCl(ads.) + Cl Cu2+ + 2C1' + e
where CuCl is an intermediate species and further desorbed with additional Cl to form 
the soluble (CuCl2)", which decomposes to Cu2+ and 2CÎ in solution.
2.2.3 STM study of copper in sulfuric acid solution
The early work by Wu and co-workers since 1991 has reported real time anodic 
dissolution of copper in mixed of 0.1 N H2S04 and 0.01 N Na2S04 solution. They 
exposed a sample area to the electrolyte which was relatively small with respect to the 
electrochemical cell volume. Therefore, the saturation or the changing electrolyte 
concentration was minimised. The Faradiac current from the tip was protected with the 
coated tunsten tip. With such a technique, they claimed that the Faradiac currents do not 
impose the tunnelling current. The results concluded that the standard polished surface 
polycrystaUine copper was rapidly dissolved at the beginning without retardation by the 
air-formed oxide layer. The surface was changed to form low index crystal faces at a 
different rate along a specific face. Interestingly, while the surface roughening is 
occurring on a micro-scale (5 pm x 5 pm) the facet surface becomes smoother with time 
on a nano-scale (100 nm x 100 nm).
Copper particles on a gold substrate in a solution of CuS04 mixed with 0.1 M 
sulfuric acid (H2S04) was studied using in situ STM (Masuda 1996). The particles were 
locally deposited on gold by the tunnel current from the probing tip and then the 
electrode would be further reversed in potential to observe anodic dissolution. The 
image subtraction technique was used to quantify corrosion rate. The thermal drift of 
piezoelectric scanner was examined and employed to achieve the accurate results. The
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results have shown that the average corrosion rate was in good agreement with the 
calculation of Faraday’s conversion and the local corrosion rate was found to be greater 
than its average rate by up to three times. This work concluded that in situ STM utilising 
image subtraction of copper particles on gold substrate could be used to quantify local 
corrosion rate very accurately. However, it had been done on meso-scale and the copper 
surface was not in an actual polycrystalline form. Consequently, the results were not 
better than available by the polarization technique and it also did not utilise the 
advantages of STM as it can observe atomic level phenomena.
The study of sulphate ions adsorbed on Cu(l 11) in 5 mM H2SO4 solution was 
reported by Wilms and co-workers (1998a, 1998b). They used a platinum wire as a 
counter electrode and a HgZHgS04 reference electrode. The potentiodynamics STM scan 
mode was employed to correlate the anodic adsorption peak and the cathodic desorption 
peak in the cyclic voltammogram (CV) with the reversible processes of adsorption and 
desorption (see figure 2.7). The adsorbed layer is found to be (V3 x V7) SO 4" structure 
on a topmost reconstructed copper layer where each adsorbate entity has tetrahedral 
symmetry.
Adsorption h
-1 ,Ü «0.9 *0,6 *0,7 *0,6 "0*5
W  E vs Hg/H&SO.M: d E /d t -  10 mV /s
(W
Figure 2.8 (a)The CV of Cu(111) in 5 mM H2 SO4  at scan rate 10 mVS' 1 vs. Hg/HgS04  
(b) Potentiodynamic STM image (39 nm x 39 nm) correlated to the above 
CV.
At the potential between both peaks, the slow formation of Moire patterns was 
observed, that is originated by the lateral interaction within the adsorbate layer and the 
mismatch of the substrate layer. Therefore, a strong interaction of copper with the 
adsorbed sulphate tends to override and reconstruct the substrate. The formation starts 
from the upper terrace edges and also causes small Cu islands during initial state of the 
process.
2.2.4 AFM study of copper in sulfuric acid solution
Chan and co-workers (1995) investigated dissolution of copper grains by means of in situ 
electrochemical AFM. A mirror like finish of copper foil was dissolved in solution of 50 
mM H2 SO4 within a liquid cell. The anodic current densities were studied at two values, 
i.e. 20 pA cm"2 and 400 pA cm 2 which usually fall under the electroetching regime. 
Consecutive images of size 1 x 1 pm2 were taken under a galvanostatic condition such 
that the current densities were constantly maintained until the number of images needed 
were collected. Crystal face orientations have been indexed by dihedral angle analysis 
and ‘rms’ surface roughness values were also quantified.
As a result of the rapid etching rate from the bigger current density well-defined 
crystallographic faces were shown. The local dissolution sites have revealed the {111}
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stable facets first and then were replaced by facets development of dissolving {211} and 
{221} planes. A reasonable reason was given that the following development facets 
have positions of surface energies next to that of {111} and because o f the earlier state 
of dissolution may have crossed a low-angle tilt boundary. Another reason was also 
explained, that the step edges of predominance of <211> during the dissolving {111} 
might cause the result.
The lower current density o f 20 pA cm*2 slowly dissolves the surface and allows 
reciystallization to occur after an earlier state of development of terrace steps. The 
hillock and other asperities were flattened which is equivalent to an electropolishing 
process. Although this work had not been done with atomic scale resolution, the 
outcome on a sub-micro-scale is reliable and useful in terms of the thermodynamics and 
kinetics of the anodic dissolution processes of copper grains under different current 
densities.
2.2.5 Study of inhibition by SPM
Corrosion of materials can actually be protected by inhibition.
Even though many studies have tried to investigate the mechanisms of 
inhibition they are still not well understood. Wu and co-workers (1991) have reported a 
systematic study of the effect of inhibitors. The study employed standard metallographic 
polishing procedure for preparing of polycrystalline sheet samples of copper and studied 
by in-situ STM in 0.1 N H2SO4 + Na2S04 with and without additional of the K2C1O 4 
inhibitor.
The results have shown that some crystal faces are preferred for adsorption by the 
inhibitor, inhibiting the particular surfaces. However, these studies were not imaging in 
atomic scale resolution so that it is not possible to identify which surfaces are preferred 
faces. They further suggested that the low index faces of single crystals i.e. (100), (110) 
and (111) of copper are needed in order to characterise the effect o f preferential 
inhibition.
In 1997, Scherer and co-workers have investigated an influence o f octanethiol 
(OT) and hexadecanethiol (HOT) self-assembled monolayers (SAMs) on single crystal 
copper (100) surfaces. Monolayers were prepared by spontaneous adsorption from 
deaerated ethanol solution and then studied under 1 mM HC1 at potential -0.16 to -0.26
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V vs Ag/Agcl (KC1 sat). An initial corrosion of copper under such of dilute HC1 solution 
after such a pretreatment has been studied by in-situ STM.
The results of copper (100) surfaces without thiol covered in dilute HC1 at 
potential from -0.16 to -0.25 V have shown rectangular terraces o f i several ten 
nanometers wide and steps preferred along the [010] and the [001] directions. In 
agreement with previous most publications, on atomic resolution, the c(2 x 2)-Cl is 
observed with a single and multiple steps of height ranging from 0.18 ±0.03 nm to 
several times of this value. In comparison with thiol covered surfaces, either OT or DHT 
have found higher surface roughness than those of uncovered-thiol copper(100) surfaces 
by a presence of monolayer islands and pits with a depth of 1.0-1.5 nm on the terraces.
An additional experiment, by immersion of the Cu sample in 10 mM H 2 SO4 before the thiol 
self-assemly, a randomly morphology of oriented Cu monosteps have found instead.
These results were assumed that chloride ions induced restructuring of an electropolish 
of Cu(100) surfaces to rectangular terraces and steps, and thiol-covered surfaces are 
inhibited the influence of those chloride ions.
At higher potentials, the initial corrosion of thiol-covered surfaces start at more 
positive potentials than those of uncovered surfaces, i.e. -0.12 to -0.10 V and -0.14V 
respectively. A pitting corrosion occurred instead of dissolution layer by layer of step 
flow mechanism (see figure 2.9). The results indicated that a thiol SAM can be 
exploited to protect dissolution from steps and kinks and also to hinder deposition of 
dissolved copper, but it is weak to a pitting mechanism.
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Figure 2.9 Series of STM images (240 nm x240 nm) of OT-covered Cu(100) surface in 
1 mM HCI; (a) -0 .1 3  V 14 min. (b) -0.11 V 20 min. (c) -0 .1 0  V 24 min. (d) -0 .0 9  V 28 
min. (e) -0 .0 8  V 32 min. and (f) -0 .07  V 36 min. after the potential was slowly increased 
from -0 .16  V (from Scherer et.al. 1997 Fig. 4)
In the next year (1998) Magnussen et. al., a researcher in the same group of 
Scherer, have reported corrosion of copper(100) in sulfuric and hydrochloric acid 
solution and corrosion inhibition of this system by organic corrosion inhibitors, i.e. 
benzotriazole (BTA) and self assembled alkanethiol monolayers (SAM). Experiments of 
cyclic voltammogram in a separate electrochemical cell by dipping technique were 
investigated before to the in situ STM. A result of CV at scan rate 10 mV/sec in 10 mM 
H2 SO4 has shown neither adsorption or desorption peak, whereas CV in 1 mM HCI has 
shown those of surface phase transitions of two small peaks closed to -0.4 V (against 
Ag/AgCl, KC1 sat.) (see figure 2.10). Moreover, an onset of copper dissolution was 
found at potential o f-0.13 V in both solutions.
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Figure 2.10 CV of Cu(100) in 10 mM H2SO4 (dashed line) and 1 mM HCI (solid line) 
obtained at a scan rate of 10 mV/sec. (from Magnussen et. al. (1998) Fig.1)
In situ STM results of copper(100) electrode without any added inhibitors in 
H2SO4 solution, have shown bare copper surface in a double layer potential range of 
several ten nanometers terraces width and frizzy, randomly oriented steps. In contrast, 
chloride adlayer on equilibrium rectangular terraces and steps oriented along the [010] 
and [001] directions of underlying substrate was observed in HCI solution.
In comparison, investigations in the presence of organic adsorbates showed that, 
copper surfaces were covered and inhibited. Therefore, these hindered a step flow 
etching mechanism. A reported result of in situ STM in H2SO4 mixed 5 xlO"6 M BTA 
have shown submonolayer islands 5 to 10 nm width of an ordered chemisorbed BTA 
adlayer. More close inspection within the island, has led to the observation of a domain 
having a square (V5 xV5) R26.6° superstructure with next neighbour distance o f 0.57 nm. 
However, at higher potential i.e. within an anodic dissolution range, the passivating 
organic adsorbed layer is initially patchy and etch pit formation occurs. Further 
increasing electrode potential and period of time leads to an increase in roughness as the 
size of the pits grows and new pits are formed. A similar corrosion mechanism has been 
observed for copper (100) in HCI solution mixed SAM octanethiol.
Vogt and co-workers (1998) have also reported BTA adsorption on copper (100) 
in 0.1 M HCI solution. The role of BTA in corrosion inhibition was investigated by a
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combination of in situ STM, in situ FTIR spectroscopy and electrochemical 
measurements. The results showed that in the double layer potential range, i.e. below-
0.6 V vs SCE, the copper surface was formed of atomically flat terraces separated by 
randomly oriented steps and a low surface copper mobility due to a chemisorbed adlayer 
of BTA molecules.
The same ordered adsorbed structure has been reported previously in H2SO4 
containing BTA , i.e., a (V5 xV5) R26.6° structure (Magnussen et. al. 1998). This study 
proposed a model structure of the BTA adlayer on copper(100), as shown in figure 2.11. 
The stacking of BTA molecules also suggested an adsorption geometry that is parallel or 
a slightly tilted with respect to a surface normal rather than adsorbed flat on the surface. 
This suggested structure further implied that the efficiency of its inhibition was smaller 
than that of other possible geometries.
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Figure 2.11 A model of BTA adlayer on copper(100) (from Vogt et al. (1998) Fig.8)
In such a potential range under pure dilute HCI solution, a bare copper substrate 
of (1 x 1) lattice with high copper mobility was found (Vogt et al. 1996). However, in
8 #
^ 8 8■boo
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HCI containing BTA solution at higher potential, i.e. more than -0.6 V up to an onset of 
copper dissolution (-0.3 V), the atomic and long-range structure as well as the dynamic 
behaviour of the copper(100) are similar to that found in HCI without BTA solution.
This result was concluded to the fact that a chemisorbed BTA phase is replaced by an 
adsorbed c(2 x 2) phase of chloride ions.
At a potential slightly higher than -0.3 V, copper dissolution proceeds via step 
flow etching mechanism and the step edges maintain their orientation along preferred 
<001> directions. As described in the previous section, this mechanism is identical to 
that has found in BTA-ffee HCI solution. However, the potential for onset of dissolution 
is shifted positively about 0.1 V with respect to pure HCI solution, which is in agreement 
with the result of CV measurement. On further increasing the copper electrode 
potential, STM images appeared foggy, along with a difficulty of obtaining a stable 
result. They concluded this to the formation and precipitation of a poor conductivity 
film of Cu(I)BTA by the production of CuCl2" species reacting with BTA in solution, 
which was confirmed by their FTIR results.
In contrast, this mechanism significantly differs from that of their previous 
report, i.e. in H2SO4 containing BTA solution, where a chemisorbed BTA adlayer is 
directly transformed into the Cu(I)BTA phase (Vogt et. al. 1997). A further discussion 
also pointed out that it was still unclear whether c(2 x2)Cl adlayer is taken over by the 
Cu(I)BTA film or whether they were united with each other.
2.3 The aims of the thesis
This review has illustrated the enormous potential for the use of SPM method for the 
study of corrosion. Most of the published work has used STM on single crystal surfaces. 
It is clear however that AFM has advantages in being more generally applicable to a 
wide range of metals and electrolytes. However the technique will need to be refined in 
order to overcome problems of imaging at both mesoscale on engineering materials and 
on the atom scale. These two tasks are the aim of the thesis.
25
CHAPTER 3 
Surface Analysis with Scanning Probe Microscopy 
Techniques
An overall review of scanning probe microscopy within the aspect of its role in study 
corrosion of copper has been given in the previous chapter. Most o f the reported 
works have concerned corrosion science, i.e. investigations of a low index single 
crystal copper rather than polycrystalline samples. These understandings are 
significantly given the scope to cover the atomic scale mechanism of dissolution from 
steps, kinks and terraces in various conditions of dilute acidic solutions. The 
influences of several inhibitors have also been discussed by means of in situ and ex 
situ SPM.
In this chapter an overview of this surface analysis technique, SPM will be 
given, detailing its historical development, its principle, its advantages over others 
conventional surface analysis techniques as well as its limitations. A good background 
knowledge of the technique used will be very useful for a researcher to carry out a 
good experiment, to solve a trivial problem during an investigation and also to 
interpret their results in the best way. It is therefore important that those details 
should not be skipped before one starts to investigate a particular problem by using 
such a new innovative technique as SPM.
3.1 Introduction: SPM, STM and AFM
The first scanning probe microscope was the scanning tunneling microscope (STM), 
invented in 1982 by Gerd Binnig and Heinrich Rohrer. By utilizing the quantum 
phenomenon of electrons tunnelling between a shape metal tip such as tungsten or 
Pt/Ir (80:20) and a conducting surface, a real-space image on an atomic scale has been 
successfully obtained for the first time. This invention was a breakthrough and 
therefore, was awarded the Noble prize in 1986. However, the limit of tunnelling 
current is a tip and the sample must not be an insulator, otherwise, the sample has to 
be coated by a conductive thin layer. Therefore, an application of this method is 
mostly limited to metals and semiconductors.
The next generation of scanning probe was the atomic force microscope 
(AFM). This again was another achievement by the same group of scientists in 1986
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(Binnig et. al). It not only enabled a detection of atomic-scale features o f a 
conducting surface but also enabled the detection of an insulator . Instead of using a 
tunnelling current to sense the tip-sample distance, the atomic force microscope takes 
advantage of the forces between two surfaces, i.e. the overlapping repulsive force and 
the van der Waals force. It works by scanning a micrometer sized probing tip, which 
is mounted at the very end of a tiny silicon or silicon nitride cantilever, across a 
surface. The probing tip was aligned over the surface, vertically moved toward a 
sample and then scanned in a raster manner to detect the changes in the forces 
between the tip which represents a three dimensional surface topography. The signal 
for generating an AFM image arises from monitoring the cantilever deflection by 
using a micro-beam laser reflected from the top of the cantilever onto split photo 
diodes. Therefore, virtually all kinds of material surfaces can be imaged.
The success of STM and AFM lead to the development of a broader family of 
scanning probe techniques in which different types of tip-sample interactions were 
utilized. The common features among these microscopes are their similarities in 
technology, architecture and features. Other examples o f microscopes are magnetic 
force microscope (MFM) (Matin and Wickramasinghe 1987), electrostatic force 
microscope (EFM) (Stem et. al. 1988), and the chemical force microscope (CFM) 
(Frisbie et. al. 1994). However, STM and AFM are the most advanced scanning 
probe methods that can provide an atomic-resolution image.
3.2 Comparison of AFM with STM
AFM has found much broader applications than STM and is currently the dominant 
scanning probe technique. Although STM provides the most precise measurements in 
both vertical and lateral resolution at atomic scale, it is mostly limited to metallic and 
semiconductive surfaces. To image an insulating surface, a conductive coating is 
necessary which obscures the view of fine surface features. In addition, in-situ 
investigation of surface reactions under an aqueous electrolytic environment by STM 
has revealed a problem of non-tunnelling currents (both Faradiac and non-Faradaic 
currents). Those currents will confuse the electronic feedback circuits of the 
measuring system.
In order to deal with such a problem, the tips need to be insulated by coating 
with a clear nail polish, polyethylene glue, epoxy, or apiezon wax which may affect
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the experimental results. Moreover, STM imaging of metals in air becomes difficult 
after a thin layer of native oxide (high resistive layers) has formed. A well prepared 
sharp tip may dig into an oxide layer and become deformed. Such problems do not 
occur by AFM. In the other hand, STM has a greater vertical resolution at atomic 
level so, an atomic imaging at this range mostly has been achieved by STM.
In fact, the AFM was built in order to solve the problems of STM. It can 
visualize all kinds of materials and diverse environments, including vacuum, air, 
liquids, and electrochemical cells. The atomic resolution can still be achieved. 
However, in some cases of an imaging at mesoscopic of granular surfaces, the tip- 
shape broadening effect will degrade its resolution. In order to reduce such a 
problem, an electron beam deposition tip (Hübner et al. 1992) or a ultrasharp tip 
(Bykov et. al. 1998) should be utilized and also an image deconvolution algorithm can 
be employed as a complementary method (Keller and Franke 1993). Furthermore, by 
utilizing the non-contact mode on the AFM by minimizing tip-sample force 
interactions, many soft materials can be efficiently investigated.
In comparison with more mature techniques, an AFM image can be obtained 
relatively inexpensively with three dimensional information. In this aspect, it is far 
better than a SEM image which is often lacking in vertical contrast because of the 
brightening of the edges by ‘leakage’ of secondary electrons from edges (Castle and 
Zhdan 1997). Furthermore, AFM provides unambiguous measurement of step heights, 
independent of reflectivity differences between different local materials as the 
problems of optical interferometric microscopes found in SEM and optical 
microscope.
3.3 Principle of AFM
AFM generates images by using a sharp tip scanning over the surface. The cantilever 
deflects in response to the force between the silicon or silicon nitride tip and the 
surface. In order to detect the force the laser beam is reflected from the gold-coated 
side (upper side) of the cantilever onto the split photodiodes (see figures. 1). The 
signals from the photo-diodes (force variations) or the feedback circuit (height 
variations) is converted into an image.
Split photodiode
Display
Computer 
and feedback 
controller
Diode laser
Tip% Cantilever
Si wafer
Piezoelectric 
tube scanner
Figure 3.1 Schematic representation of the main components of AFM.
Figure 3.2 MultiMode SPM system controller (Digital instruments)
29
Figure 3.3 MultiMode SPM Microscope
The first commercial scanning probe microscopy was produced by the Digital 
instruments Incorporation, USA. Figure 3.2 and Figure 3.3 show the MultiMode 
SPM. The important parts are composed of the piezoelectric scanner with base, the 
optical block with tip holder, the computer, the control monitor, the controller, and the 
display monitor. SPM has many advantages in comparison with other surface 
analysis techniques, e.g. it is a compact instrument, being relatively inexpensive, has a 
high spatial resolution of both lateral and vertical, and can image in all environments 
e.g. ambient, water and acidic solutions.
Nowadays, many commercial systems for scanning probe microscopy are 
available worldwide: e.g. USA, Russia, Germany, and Japan. For examples: Digital
Ins t ruments  (USA) ,  T opoM et r i x  (USA),  Molecular  Imaging
(USA), NT-MDT (Russia), Omicron (Germany), and JEOL (Japan). The variety of 
commercial products available indicates that the STM and AFM techniques have 
become established instruments in a standard laboratory. Moreover, there have been 
many of publications in surface science and other fields that have applied these two 
techniques.
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3.4 Tip-sample interaction
In an ideal case, a tip is supposed to be a single atom moving over a surface and tip- 
sample interaction forces are optimum. In practice, these conditions are hardly 
achieved. The over loading force can induce various surface deformations, remove 
weakly bound layers and cause defective layers. On the other hand, the use of lower 
force may decrease corrugation amplitudes at atomic resolution imaging. Moreover, 
imaging at mesoscopic scale (scan size from tens nanometers to a micrometer) of 
granular surfaces suffer from image convolutions. The tip-shape anisotropy and its 
finite size can produce artifacts in SPM images.
To understand the effect of loading forces on an AFM image, it is necessary to 
perform measurements as a function of the tip-sample separation. Normally, 
interaction forces become stronger with decreasing a tip-sample distance. Interatomic 
forces are related to a potential by:
There are usually two main contributions to the force between the tip and the surface, 
which give rise to an image. Firstly, the Fermi repulsion force as a result of 
overlapping of atomic electron clouds. It is a repulsive force or contact force and 
responsible for the formation of images obtained in contact mode. Secondly, the van 
der Waals attraction force, which is an attractive force. It is accepted as being 
responsible for images obtained in non-contact mode. Figure 3.4 shows the potential 
energy between two atoms by a formula as so called the Lennard-Jones( 12,6) model 
potential (Lennard-Jones 1924a, 1924b). This potential is defined by:
where r0 is equilibrium distance between two atoms and sis  binding energy between 
atoms.
Differentiating the equation (3.2) gives the force-distance relation. The result 
is shown in equation (3.3) and Figure 3.4. It is noticed that, this force tends to 
approach zero when the separation between the two atoms is greater than 2.5 rQ. 
Therefore, the separation of three atomic distances is enough to give a truncated value
F  = ———w(r) 
dr (3.1)
(3.2)
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for simulation work. This truncation means that simulation of force as a function of 
separation can be undertaken quite effectively on a desktop computer and should 
enable the conditions for optimum applied force to be obtained.
F(r) =
àu(r)
dr
U s 13
(3.3)
(3.4)
Potential
+
Force
0
Repulsive
force Attractive force
Figure 3.4 Lennard-Jones pair potential and pair force between two atoms.
In practice, the shape of this curve can be formed in other shapes, which 
depends on many factors, i.e. a probing tip, a sample and contamination. For 
example, the curve may exhibit hysteresis when it is imaging in an ambient condition, 
as a result of capillary force (10-100 nN) from a thin adsorbed layer, e.g. water 
(Weisenhom et. al. 1992). This evidence is also confirmed by imaging in water when 
the hysteresis loop on a force-distance curve is reduced. It is also suggested that in an 
investigation of force-distance curve under vacuum, dried gas or other liquids one 
may not see such an hysteresis loop.
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3.5 Contact Force Determination
To obtain a result of a higher accuracy especially in atomic scale imaging, one needs 
to know how high is the contact force and how it should be an optimally selected. An 
atomic contrast strongly depends on a magnitude of the contact force as well as the 
limit of elastic deformation of the sample and the probing tip. Too small contact force 
may not give an atomic resolution very well, on the other hand, too high contact force 
can damage either a well sharp tip or modify a sample. Therefore, the need of force 
measurement should be taken into account.
Two parameters are needed to approximate the contact force, i.e. a cantilever 
spring constant (k) and a vertical diplacement (AZ) from a pull off contact to a 
measuring set point (see Figure 3.5). Therefore, the magnitude of the operational 
force is given by:
F = kAZ
Tip 
Deflection
 i
Setpoint
-Pull off contact
AZ
Figure 3.5 Contact force determination of AFM.
3.6 Limits of AFM
The finite dimension of a probing tip is the main problem of AFM. Especially, a 
probing tip size that is bigger than that of a fine surface feature under investigation, 
e.g. a small hill, a deep pit and a steep wall. Consequently, the output image may not
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reveal an actual topography of the surface but, is dominated by an artefact which 
needs to be minimised or to be avoided.
There are two kinds of artefacts concerning in AFM images, i.e., the finite 
probing tip aspect ratio and its radius of curvature. The first one arises when imaging 
a steep wall-like surface which calls for a higher aspect ratio tip than that of the 
surface under investigation. The second one, can also be solved by using a well 
defined probing tip shape i.e. electron beam deposition tip or a special sharp tip 
prepared by other method such as electrochemical etching. In addition, image- 
processing method such as morphological reconstruction technique can be applied to 
lessen the impact of the second artefact.
3.6.1 Probing tip aspect ratio
A commercial silicon or silicon nitride probing tip normally has a cone angle from 
50° to 70°. It can be used to image without any artefacts at only a surface sloping 
more than a half of a probing tip’s cone angle i.e. 25° to 35° with respect to the 
normal surface. An illustration of this artefact is shown in figure 3.6, a probing tip is 
slightly tilted which gives steep asymmetric slope angles in the resultant convolution. 
It can be noted that, in this case, the spaces in grating surface produce an image which 
is similar to the shape of the probing tip.
A m *
___________ _
Figure 3.6 Image artifact cause by aspect ratio of the tip scanned over steep 
surfaces.
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3.6.2 Radius of curvature
It was shown in figure 3.6 that the spatial resolution of AFM may be lessened by the 
shape of its probing tip. The cause of AFM image convolution mostly arise from the 
finite size of the probing tip, i.e. radius of curvature and the aspect ratio. Figure 3.7 
shows an image convolution by a tip of a finite size which is scanned over granular 
sample surfaces. However, in this case it is possible to reduce convolution by using 
morphological reconstrution, which was not possible in the case of the finite cone 
angle, because this is limited by multiple contacts between tip and surface.
Figure 3.7 Image artefact causes by radius of curvature of the tip greater that radius 
of curvature of the granular surfaces.
3.6.3 Elastic deformation of a sample
Another limitation of AFM arises from elastic deformation of the sample.
Particularly, true atomic resolution and lateral resolution will be degraded by a finite 
contact area between the probe and surface. This limitation is crucial when imaging 
soft samples such as polymers or biological materials. Heuberger and his co-workers 
(1996) suggested that a true atomic resolution of biological surfaces is possible only 
with contact forces below 1 pN. However, calculation work on rigid samples has 
shown that a true atomic contrast can then be achieved at much higher forces (up to 
several hundred nN) [Heuberger et. al. 1996]. This is the answer why the true atomic 
resolution seems to be achievable only on hard samples.
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3.7 Feedback control operation
AFM acquires an image in two principal modes, i.e. with feedback control and 
without feedback control. The feedback control of AFM is an electronic circuit, 
which is designed to adjust either a sample or a probing tip to maintain a constant 
separation between both of them during imaging, and called "height mode”. In this 
way, an image can be generated from the signal of feedback control rather than from 
the split photo-diode. In this mode the force between a sample and a probing tip have 
also been kept constant. Therefore, constant force imaging gives a reliable result and 
the height mode is practically employed in most cases.
Another control operation is an imaging without feedback control. In this 
way, only the cantilever deflection will respond to all forces sensed from the sample 
surface. It is noticed that without feed back control, the contact force at the top of a 
hill will be high and vice versa at the bottom part of a valley. The magnitude o f the 
cantilever deflection depends on its length, i.e. causing a difference in the vertical 
scale calibration. Moreover, the sample is more likely to undergo a modification of 
its surface structures by interaction with the probing tip, which aslo can easily lose its 
sharp tip because of the higher frictional force.
3.8 Imaging modes
It is obvious that AFM has the possibility to image all kinds of material surfaces, i.e. 
from conductors to insulators. An investigation by using a given contact force under 
different elastic properties can possibly damage or modify a sample surface. Further 
innovation of AFM imaging modes have tried to reduce the contact forces (see Figure
3.8) in order to obtain an image in most types of materials. A user can avoid 
potential problems by selecting one of three modes of imaging, i.e. contact mode, 
non-contact mode and tapping mode (intermittently contact).
3.8.1 Contact mode
Contact mode is a basic AFM operation and most widely used. The forces used are in 
a range of nanonewtons which seems to be a very high force per unit area. Under 
such an imaging condition, for example, soft or fragile surfaces can not maintain their 
shape and become depressed or scratched. Consequently, it gives a poor imaging
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resolution and causes artefacts in an image. Therefore, this mode is mostly limited to 
hard surfaces such as ceramics, semiconductors and metals.
Force
+
Contact
Tapping
Non-contact
Figure 3.8 Force versus distance curve between two atoms.
In Figure 3.8, it is shown that contact imaging at a small separation between a 
probing tip and the surface gives a higher contact force. In this region the slope of the 
force/distance is at its greatest and therefore in contact mode seems to be the only 
obtained. Thus mode that can provide an atomic resolution. The mechanism of 
atomic contrast by AFM will be simulated and given its details in the next chapter. 
However, some experimental works have reported that, an atomic resolution could be 
achievable by the other imaging modes.
3.8.2 Tapping mode
Tapping mode is operated in both repulsive and attractive region. AFM cantilever 
was attached by a piezoelectric transducer in order to vibrate at a frequency range 
close to its resonance frequency during scanning across a surface of sample. In this 
case, a change in of amplitude and/or a phase change is transformed to a resultant 
image.
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Tapping mode is usually useful for investigation of soft surface. The forces 
felt by a sample surface from a probing tip are smaller that o f full contact mode. 
Hence, an imaging at lower magnification an atomic scale can be achieved by two 
types of information, i.e. height image and phase image.
3.8.3 Non-contact mode
The last mode is non- contact mode. In this mode, operation in the attractive region is 
utilised. The AFM cantilever is bent toward, i.e. experiences an attractive force rather 
than a repulsive force. The sample or cantilever is forced to vibrate (typically 100 to 
400kHz) over the sample at amplitude from tens to hundreds of angstroms and will 
not touch a sample surface (see Figure 3.9). The net force between a probing tip and 
a sample in this mode is the lowest, generally about 1 pN. Therefore, it is suitable for 
studying soft or elastic samples.
(c) Non-contact mode(b) Tapping mode(a) Contact mode
Figure 3.9 Tip-sample arrangement in the three modes of AFM.
It is difficult to maintain such a non-contact situation when imaging in 
ambient conditions. The thin layers of water contamination adsorbed on a sample 
surface may pull a probing tip to jump-to-contact. This effect possibly occurs even 
operating in an aqueous conditions or vacuum conditions especially, when imaging an 
uneven sample. However, most commercially available AFMs in this mode have 
been designed to avoid the problem and also to separate topographical information 
from the other signals, i.e. the adhesion force, magnetic force or electrostatic force. 
Frequently, this mode is called lift mode.
Lift mode needs to collect topography of the surface before re-tracing the scan 
line to get the other properties. It is noticed that a average distance of a probing tip 
vibrating above the sample is constantly maintained i.e. the line following the
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contour of the surface. In this way, the tip-sample distance should be unaffected by 
topography, an image can be generated from a phase change or an amplitude change.
3.9 Electrochemical AFM (ECAFM)
Corrosion is an interfacial phenomena, involving electrochemistry of materials. 
Indeed, an investigation of aqueous corrosion can be undertaken by in situ AFM 
under solution with the sample under the control of a potentiostat, as so-called 
electrochemical atomic force microscopy (ECAFM). Its versatility enables the direct, 
real-time observation of corrosion process from micrometer down to nanometer 
scales. As reviewed in the previous chapter, behaviour at an atomic scale of 
dissolution, deposition, adsorption and desorption of copper strongly depends on the 
presence of ions in terms of its species and concentration as well as the electrode 
potential.
Nowadays, technology provides easy access to this methodology by using a 
commercially available e.g. Digital Instruments in which combines an AFM with a 
fluid cell under the control of a potentiostat (see FigureS. 10). ECAFM provides an 
investigation in aqueous environments together with a controllable potentiostat of 
three-electrode system, i.e. working (sample), reference and counter electrodes. The 
relation between voltage and current of a sample with respect to a reference electrode,
i.e. voltammogram can also be measured by the system.
Counter Eleotrode
jL  outlet inlet 
Ag/AgCf
ECAFM Fluid cell
Figure 3.10 An example of ECAFM fluid cell with the electrodes (Digital Instruments).
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Generally, there are two modes operation of ECAFM, i.e. potentiostat and 
galvanostat operation. The difference in these two modes operation is either selecting 
potential between a sample and a reference electrode to be kept at a constant during 
an experiment or passing a fixed current through the working electrode and the 
counter electrode and monitoring the sample potential. The particular purpose of an 
investigation should be considered in chosing the right mode of operation. However, 
the potentiostat operation is the most commonly used mode in the field of initial 
corrosion in the presence of aggressive anion ions in an aqueous solution.
3.10 Summary
This overview has confirmed that AFM is useful under all conditions and that contact 
mode is likely to give best results for hard surfaces such as metals. The main 
limitation relates to damage of the surface by the tip when used at over large contact 
force. Therefore information is needed on variation of atomic corrugation amplitude 
(contrast) with contact force so that optimum imaging condition can be chosen. A 
simulation designed to provide this information is considered in the next chapter.
CHAPTER 4 
Computer Simulation of AFM Imaging at atomic level
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The previous chapter has given an overview of SPM, especially AFM. Even though, in 
principle, AFM can give an atomic resolution image, it does not seem to be easy, like 
following a cookbook, to get such a result. Many parameters and conditions concerning 
as were previously described, a user needs to know before starting an experiment. 
However, to achieve a good contrast image at atomic level. It is therefore, not only 
understanding the theoretical background details but also practical skill in experimental 
works.
In this chapter a model of surface atomic structure was studied by means of 
computer simulations. A low index single crystal face i.e. ( I l l )  was used as a model 
surface. The objective is to study a mechanism of imaging in terms of a contrast 
enhancement and its dependence on the parameters in the Lennard-Jones potential and 
the Morse-type potential between the probing tip atoms and that of the surface. The 
outcome could be used as a guideline for atomic resolution imaging by AFM.
4.1 Introduction
An outstanding feature of using AFM to study corrosion is that it is capable of operating 
over a broad range of investigation under aqueous solution. In most publications of in- 
situ atomic level studies in the aqueous environment much of the work is undertaken 
using STM. However, AFM has several advantages for this type of work: i.e. imaging of 
an insulator, electrochemical investigation without inherent bias potential and without 
the problem of non-tunnelling current. Such advantages are offset by the difficulty of 
atomic imaging by the AFM, which follows from its poorer vertical resolution.
The AFM user needs to know the fundamental contrast mechanism of atomic 
imaging in order to be able to enhance the corrugation amplitude. It is noticed that when 
atomic imaging of a metal surface under liquid has been undertaken by AFM (Uosaki et 
al 1997, Nishizawa et al. 1996, Lagraff et al 1995, Cruickshank et a l 1993, Manne et 
al 1991) a cantilever length of 100 pm and a spring constant 0.6 N/m has been cited.
This is because the short and thick v-frame cantilever (Digital Instrument) gives a higher 
signal to noise ratio and a higher contact force at the same vertical displacement as that
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of the longer cantilever (see Figure 4.1 and Figure 4.2). It is noticed that at the same 
length of Z displacement (AZ) a bigger spring constant (k) gives the larger contact force 
at a condition of F = -k AZ and a short cantilever yields the bigger amplitude signal (V) 
than a long one.
Az
A
'+  F i
X X X X z  X #
............................... /^................................
1 ;
Z - piezo g scanner |
i 1
S,4
o ©
Figure 4.1. A simple model of comparison a spring constant of the same vertical 
displacement.
Komiyama and his co-workers (1995) have suggested that the corrugation 
amplitude may vary as the tip-sample distance and this is supported by systematic 
simulations of corrugation amplitude. These simulations have examined: the variation of 
contact forces, the surfaces and the tips, i.e. the single atom tip; multiple-atom tips 
(Sokolov et al. 1997); the crystal structures and the orientation of tips; the bond lengths 
of the tip (Sazaki and Tsukada 1995a; Sazaki and Tsukada 1995b) and the chemical and 
electronic structures of the tip (Shluger et al. 1990). Among these theoretical works, 
there still exist some points that have not been studied i.e. the variation of bond energies, 
the bond lengths and the shape of the potential surface between the surface atoms and 
that of the tip.
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Figure 4.2. A simple model of comparison a short and a long cantilever sensitivity.
The aim of this chapter is to investigate the dependence of contrast in atomic 
force images on the related parameters, i.e. the contact force, the bond energy, the bond 
length and the potential shape between the tip and the surfaces using both the Lennard- 
Jones and the Morse-type potentials. The possibility of distinguishing co-adsorbed ions 
on metal surfaces is also discussed.
4.2 Method of surface force calculation
In this calculation, the only contribution to the total energy of the system is considered to 
be the tip-surface interaction and both the Lennard-Jones and the Morse-type potential 
are used to determine this. The perpendicular force ( FL ) felt by the probing tip is
considered and calculated from the summation of the total isolated pair interactions ( Ft ) 
of the surface atoms and that of the tip;
Fx = Z ^ s in é }  (4.1)
i=l
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where $  is the angle between a pair force and the surface plane, and N  is the total 
number of the surface atoms. The Lennard-Jones potential and the Morse-type potential 
serve as a pair potential and a pair force. The Lennard-Jones potential is expressed by
where sis  bond energy, r0 is the bond length', r is the interatomic distance 
and P is the potential shape between pair atoms. By appropriate selection of the value of 
P, these two potentials can give almost the same curve. This is shown in Figure 4.3 
where a dimensionless plot of the potential-distance curve and the force-distance curve 
of both the Lennard-Jones model and the Morse-type model are almost identical. 
Generally, this roughly implies that the Lennard-Jones or “6-12” potential can be 
classified as a special case of the Morse-type potential. Thus, simple force imaging 
simulations can be further investigated by choosing a set of different p values.
(4.2)
The force is derived from the potential;
(4 3)
The Morse-type potential is given by;
«(/•) = f[exp(-2/? (r- r 0) ) - 2  exp(-/3(r -  r0 ))] (4.4)
which yields the force;
Fir) = 2£/?[exp(-2yS(r -  )) -  exp(-/?(r - r j ) ] (4.5)
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Figure 4.3 Dimensionless plots of the potential-distance curve and the force-distance 
curve for the Lennard-Jones potential and the Morse potential.
4.3 The surface model o f calculation
Two types of rigid surface models were constructed and scanned under a single atomic 
tip and multiple atomic tip. The (111) surface of the closed pack; FCC and the (0001) 
HCP lattices were selected. The parameters used are in accordance with copper and 
highly oriented pyrolytic graphite (HOPG).
4.3.1 A simple force profile at constant height
By simply working out with a single atomic tip scanned over three surface atoms is given 
in figure 4.4, the force profile can be easily plotted at a constant height. An example of 
the profile that conforms the top sites and hollow sites of those three atoms is also shown 
below the model in figure 4.4.
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o scan direction at constant height of a single atom tip 
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Figure 4.4 A simple model of a single atomic tip, three atoms surface and its an
example of force profile of each atom; i.e. F1, F2, F3 and total force; F at 
constant height = 0.26 nm.
4.3.2 Face Center Cubic, FCC (111)
The model used in the simulations is composed of three rigid layers of the FCC(111) 
plane with an ABC stacking pattern which consists of 11 x 13 atom arrays/layer and a 
nearest atomic distance of 0.256nm x 0.256 nm (see Figure 4.5 and Figure 4.6).
Top view
a single atom tip
Side view
(unreconstructed o f fee (111) crystal face)
Figure 4.5 The model of FCC (111) face, 3 layers (ABCABC...stacking pattern)
A single atom tip was used to scan over the surface at various constant forces. The 
scanning area was in the centre region ( 5 x 6  atom arrays along [110] x [ i i 2 ] 
directions) in order to avoid the edge effect. At each pixel, the tip atom was slowly 
moved toward the surface layers until the total force was satisfied. Repeating until all 
pixels had been calculated, these heights will form the image at a given force. The 
calculation technique performed a simulations by Excel workbook, using the Goal Seek 
command (see Appendix A) in a small macro sheet as it generated the constant force 
images.
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{section analysis scanned line!
simulation scanned area
11 x 13 atom arrays
Figure 4.6 The model of FCC (111) face of copper (143 atoms/layers)
An example result for giving an ideal has shown in Figure 4.7. This simulation can be 
further plotted in 3-D view. This image was calculated by the macro sheet as described 
in the appendix A and the result was exported to the commercial software, i.e. 
NanoScope III (Digital Instruments) for 3-D graphical plot.
0 .5
1 .0
Copper (111) sim ulation
Figure 4.7 An AFM simulated image of copper FCC (111) face.
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4.3.3 Hexagonal Closed Pack, HCP (0001)
In this model, the structure of highly oriented pyrolytic graphite (HOPG) was used as a 
rigid model system. The stacking pattern of HOPG is ABABA... with the nearest 
distance between C-C atoms is 1.42 Â and the inter-atomic plane is 3.354 Â (see Figure
4.8). Three layers with 275 atoms/layers was constructed for this calculation. The 
probing tips were modelled, i.e. a single atom tip, a double atom tip and a triple atom tip 
with the same element i.e. carbon and also the same inter-atomic distance of the surface 
model.
H
c#2 
0,3354 nm
0.1415 nm 0,2460 nm
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V
0-2460 nm
0,1415 nm
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/ X
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Figure 4.8 The model of HCP(0001) face, a) side view; b) top view (ABAB...stacking 
pattern) and c) a double tip.
A result of using a single tip on graphite has shown in Figure 4.9. This 
simulation can be further plotted in 3-D view of scan line. This image was calculated by 
the macro sheet as described in the appendix A (the same as FCC(111)) and the result 
was plotted by a spreadsheet programme, i.e. MS Excel. Furthermore, the result of
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atomic contrast dependence of parameters, i.e. a separation between the tip atom and the 
surface atoms is exactly the same as the simulation of FCC(111) which is described in 
the previous section of this chapter.
Height image simulation at contact force 20 nN 
Lennard-Jones, 3 layers of hcp(0001), single atom tip
m am
Figure 4.9 The 3-D line scan of HCP(0001) face, simulation with a single atom tip.
4.4 Results and discussions
In practice, atomic imaging in the constant height image (no feed back control) is not 
possible because the cantilever will be deflected (called deflection mode) as a result of 
force variation along the top sites and hollow sites. However, this mode can be used to 
calculate the force variation at constant height and gives a set of force profile at different 
tip-surface separation. Another mode is constant force mode (called height mode) which 
keeps deflection constant by the feed back control of the height. This has several 
advantages over the first mode. Firstly, it maintains constant force along the top sites to 
the hollow sites whilst the first mode changes and further reduces image contrast. 
Secondly, thermal drift in z-scanner is compensated by feed back control while there is 
no such control when the tip is subjected to the varying contact force when scanned at 
constant height. Finally, the signals from the feed back control are higher (~ one order of 
magnitude) than that from diode detectors, yielding a better signal to noise ratio (see 
Figure 4.10).
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Az = feedback
control
Figure 4.10 A simple model of comparison height mode and deflection mode in terms of 
corrugation amplitude.
It is noticed that, operation at the deflection mode (no feedback control ) causes a contact 
force at a top site differing from that of the hollow site ( ÀF = -kAZ ). The spring force 
variation changes the contact force and reduces image contrast. Thermal drift in Z 
scanner possibly changes contact force. The signal from spilt diode detector is 
significantly smaller than that of the height mode. The Height mode (feedback control ) 
feedback circuit maintains a constant contact force. Thermal drift is compensated by 
feedback control. As has been studied, the signal from feedback control o f Z scanner is 
higher than the diode detector, yielding a better signal to noise ratio. In the case of 
multimode SPM of Digital Instrument, the scanner A has a Z sensitivity, i.e. Zs = 1.5 
nm/Volt or 0.667 Volt/nm and a sensitivity of diode detector, Sd= 0.034 Volt/nm 
therefore: Zs over Sd is about 2 0 :1 . For these reasons, the simulations, which are 
reported in the following section, are carried out in a simulated height mode (constant 
force).
4.4.1 Force profile at constant height
For better understanding of the mechanism of force amplitude contrast in an AFM image 
at atomic scale, one needs to deal with the simplest case, i.e. a single atom tip and three 
atoms surface. By applying the model in Figure 4.4 and the Lennard-Jones potential at a 
binding energy, e = 1.0 eV and a set constant separation between both of those atoms, 
0.30 nm, 0.26nm, 0.25nm(ro), 0.24 nm and 0.20 nm, the perpendicular force profile of 
each of surface atom and over all of those atoms felt by a single atom tip can be plotted 
as shown in Figure 4.11-4.15. It is noticed that at a smaller constant height the force
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variation is greater. The relation between force amplitude and tip-surface separation is 
shown in Figure 4.16. It is clear that a shorter tip-sample separation yields a better force 
amplitude.
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Figure 4.11 Force profile of a model given in Fig 4.2 at constant height, r = 0.30 nm
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Figure 4.12 Force profile of a model given in Fig 4.2 at constant height, r = 0.26 nm
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Figure 4.13 Force profile of a model given in Fig 4.2 at constant height, r = 0.25 nm (rc)
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Figure 4.14 Force profile of a model given in Fig 4.2 at constant height, r = 0.24 nm
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Figure 4.15 Force profile of a model given in Fig 4.2 at constant height, r = 0.20 nm
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Figure 4.16 Force amplitude at different height
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4.4.2 Corrugation amplitude as a function of number of surface atomic layers
In practice, calculation time strongly depends on the number of tip atoms and surface 
atoms. This result suggests a compromised layer to be used as a model system. The 
result for FCC (111) and three larger layers was shown in figure 4.7. Figure 4.17 shows 
that three layers is all that is necessary with respect to atomic contrast.
0.325
0.320
0.310
0.295
0.290 -
2 layers 3 layers 4 layers
Figure 4.17 Corrugation amplitude at different number of atom layers of FCC(111) face; 
contact force = 1 nN; s =0.13 eV, r0 =0.256 nm.
It is clear that three atomic layers is an optimum choice for this type of calculation. 
However, this range is usually a common choice, by those modelling system of this 
nature and is known as a "truncated potential” or truncated range i.e. rc = 2.5 r0. Any 
interaction at distance greater than rc will be neglected for faster running times on the 
competer.
4.4.3 Corrugation amplitude as a function of contact force
The result of corrugation amplitude variation at different contact forces is shown as a 
section analysis (see figure 4.18). It is obvious that higher contact forces yield the bigger 
amplitude.
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Figure 4.18 Section analysis of height image simulation at different contact forces using 
the Lennard-Jones potential: the model considers three layers of fee (111) 
structure material with s = 0.13 eV/atom and r0 = 0.25 nm.
Further simulations for a wide range of contact forces with both Lennard-Jones and 
Morse-type potentials are given on a summary diagram in Figure 4.19. The Morse-type 
curve is more compressible so that when we are considering scanning at the same contact 
force the average height is reduced faster. In both cases the corrugation amplitudes lie 
between 0.2 to 0.6 Â and the average heights are less than one bond length, at about 1 Â, 
given a contact force of < 30 nN for the Morse-type and < 300 nN the for Lennard-Jones 
pair force.
4.4.4 Corrugation amplitude as a function of interaction parameters
The dependence of the corrugation amplitude on bond energy, the bond length and the 
potential shape is very significant as shown in Figures 4.20,4.21 and 4.22. Variation of 
these three parameters whilst maintaining a constant contact force enables it to be seen 
that there is a drastic decrease in amplitude (0.3 to 0.6 nm) as the bond energy increases 
from 0.02 to 2.0 eV/atom, and that small bond lengths and low potential shapes (small 
P) obviously give a better result.
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Figure 4.19 Corrugation amplitude variation at different contact forces for the model 
given in Figure 4.18 and a Morse p-value of 19.8 nm*1.
Notice that the average heights are changed in opposition with respect to their 
corrugation amplitudes in all cases i.e. the smaller average height the greater corrugation 
amplitude. These results can possibly be used as a guideline to distinguishing co­
adsorbed anions on metals surfaces. For example, if chloride and oxygen co-adsorbed on 
copper surface in the aqueous environment, they can be identified as the adsorbed 
species, which gives the higher image contrast. This arises because their bond length and 
bond energy with the tip are different.
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Figure 4.20 Corrugation amplitude variation at different bond energies using the
Lennard-Jones potential and the model of Figure 4.18 for a constant force, F 
= 50 nN.
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Figure 4.21 Corrugation amplitude variation at different equilibrium distance using the 
conditions given in Figure 4.18.
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Figure 4.22 Corrugation amplitude variation at different potential shapes using the 
Morse-type potential, three layers of fcc(111), r0 = 0.25 nm, e = 0.13 
eV/atom and F = 25 nN
4.4.5 Simulation of image contrast
Based on the observations made above, a simulated surface plot (Morse-type) is provided 
in figures 4.23(a) and 4.23(b). The results given above in the section analysis and the 
corrugation amplitudes were extracted from these 3-D simulations, as the scan line 
passing through the top centre of the five atoms along the [110] direction.
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Figure 4.23 Height image simulations using the Morse-type potential, three layers of fcc 
(111), G = 0.13 eV/atom, r0 = 0.25 nm and p = 19.8 nm"1 and (a) a contact 
force of 5 nN, or (b)a contact force of 15 nN.
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4.4.6 Simulation of vacancy and adatom
Once the interactions for three layers have been set up it is relatively easy to simulate the 
influence of an atom missing from the surface layers (vacancy) and an atom added to the 
surface layers (adatom). The results are shown in the figure below. Notice that since the 
force has been fixed relative to the atom plane the force increases at the adatom; giving 
at higher corrugation amplitude, and is reduced at the vacancy giving a lower amplitude. 
Thus the ad-atom appears larger than the vacancy.
Figure 4.24 Height image simulations using the Lennard-Jones potential, three layers of 
fcc(111), F = 15.0 nN, s = 0.13 eV/atom and r0 = 0.25 nm; (a) a vacancy and 
(b) an adatom.
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4.4.7 Corrugation amplitude as a function of the scan direction
In practice, a multiple tip is likely to be occurred rather than a single atom tip. A scan 
direction is unimportant with a single atom tip but using the model of multiple tip e.g. a 
double tip or a triple tip scan over the surface model of HOPG as shown in figure 4.8; the 
result are given in figure 4.24 and 4.25.
Height Image simubtlon at contact force 20 nN 
Lennard-Jones, 3 layers of hcp(0001), double tip, rotate 0 degree
0.28 
z(mn) 0.23 
0.18
(a)
Height image simulation at contact force 20 nN 
Lennard-Jones, 3 layers ofhcp(0001X double tip, rotate 30 degree
0.28 
z(nm) 0.23 
0.18
(b)
 .G -c: - e
cr •••
   scan direction
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Figure 4.24 Scan direction dependence of AFM imaging by double tip on HOPG (0001) 
surface (a) 0 degree; (b) 30 degree and (c) corresponding scan direction
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Height image simulation at contact force 20 nN 
Lennard-Jones, 3 layers ofhcp(0001), 3 atoms tip, rotate 0 degree
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Height image simulation at contact force 20 nN 
Lennard-Jones, 3 layers of hcp(0001X 3 atoms tip, rotate 30 degree
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Figure 4.25 Scan direction dependence of AFM imaging by a triple tip on HOPG (0001) 
surface (a) 0 degree; (b) 30 degree and (c) corresponding scan direction
The results are clearly seen that at different scan direction, the simulated AFM 
images are not similar. For example, a double tip significantly changed a real surface
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structure of graphite; i.e. from a full hexagon into a striped pattern which is frequently 
occurred in a common AFM imaging on graphite while a triple atom tip is only reduced 
its atomic contrast. Such a study case, a result is an example guideline to deal with an 
experimental problem as well as an interpretation a result of AFM.
4.5 Concluding remarks
The Lennard-Jones “6,12” potential can be approximated by the Morse-type potential if  
the potential shape is selected properly and both can be used to simulate atomic force 
imaging simply as the isolated summations of the pair forces between substrate atoms 
and that of the tip. It has been shown that to obtain an optimum high corrugation 
amplitude a high contact force is needed (within the deformation limit) combined with a 
low bond energy, a low bond length, and a low potential shape to describe the pairwise 
interaction. Under these experimental parameters the tip gets closer to the surface atoms 
and the short range repulsive force from the nearest surface atom dominates over the 
attractive forces from the remainder of the other surface atoms.
Although in this present work a single atom tip has been used, which seems far 
removed from the tip-surface interaction occurring under practical conditions, the 
derived results show trends which are likely be retained by operation of the superposition 
principle. This work further suggests that these parameters are those which will best 
yield differences in the intrinsic properties of various adsorbed ions. This gives a 
guideline for distinguishing co-adsorption in the aqueous environment. However, in 
order to compare this model quantitatively with experimental results, a multiple-atom tip 
accompanied with a defined crystal structure and geometric size would have to be taken 
into account. Of course, these more complicated simulations, e.g. molecular relaxation 
calculation and molecular dynamics simulations also require and much larger and more 
detailed computation.
One important difference that has been shown using the single atom tip is that 
differing atomic contrast will be expected for a given load depending on whether a 
Morse-type potential or a Lennard-Jones potential describes the interaction. The Morse- 
type potential is appropriate to metallic substrate interaction with the tip by the metallic 
bond (e.g. with pure silicon tip) and a Lennard-Jones potential is appropriate to inorganic 
substrates interacting by chemical bonds to the tip e.g. with oxide tips.
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CHAPTER 5 
Image Artefact and Noise Reduction
The previous chapter has presented the mechanism of AFM imaging at atomic scale by 
means of computer simulation. Simple rigid surface models with a single atomic tip and 
multiple atom tips were applied to study fundamentals of atomic contrast imaging. The 
general conclusions reached can be utilised as practical guidelines. However, reliable 
data still need to be practically achievable by the use of artefact and noise reduction. In 
other words, AFM operation needed a combination of these to be taken into account 
simultaneously.
In this chapter, the details of the origin of artefact and noise will be described as 
well as the way to avoid or reduce it. As described in chapter two, a limitation of AFM, 
is that the finite size and aspect ratio of the probing tip caused a broadening volume. To 
correct this, an image processing technique such as morphological reconstruction (MR) 
can be applied to enhance an AFM image. Furthermore, a new development in this 
thesis, concerning a filtering technique which it has already been published (Castle et 
a l , 1998) will be expanded in more detail. However, an overview of artefact and noise 
in an AFM image will also be discussed.
5.1 Introduction
In practice, AFM is designed to generate a 3-D map of a topographical sample surface 
down to atomic level. Although, a true surface structure is expected to be revealed, some 
unwanted signals will have been included, as so-called artefact and noise, leading to a 
difficulty of getting a good AFM image. For the actual sample surface to be achievable 
artefact and noise protection and reduction is needed. It is useful to categorise the types 
of interference and their origins in order to eliminate or reduce them from an image.
Obviously, artefacts and noises are really important in AFM imaging that one 
should perceive and take into account carefully. In principle, to acquire experimental 
data, it is not only statistical error but also instrumental error in which brings artefact and 
noise. Somehow, the second one can be avoided or filtered by a particular technique 
while the first one is an intrinsic nature, difficult to cope with. Therefore, any reliable
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outcome in which artefact and noise can be minimised will provide a more reliable result 
in an AFM image.
5.2 The origin of noise
Artefact and noise in AFM image may be categorised into a number of groups by its 
physical features, e.g. mechanical noise and electrical noise. A particular source of noise 
will probably be predicted and subsequently avoided or minimised when one knows a 
characteristic feature which it imposes in such an image. However, some kinds of noise 
are difficult to eliminate and therefore filtering techniques will be frequently exploited.
5.2.1 Mechanical noise
The AFM design must compensate for all mechanical noise caused by various sources, 
e.g. low frequency from building, rotor equipment like a cooling fan, acoustic vibration, 
environmental noise and also speaking voices. Its installed location needs to be a place 
with a very stable floor and combined with noise proof accessories, e.g. antivibrating and 
soundproof enclosures (Zhdan, 1997). Moreover, the system design must take into 
account all vibrational responses from the instrument itself such as the inherent rigidity 
of scanner tube which makes the system well-suited for this purpose.
The effect of mechanical vibration can make feedback unstable which also causes 
artefacts in images. Therefore, one must be very careful to realise how the noise or 
artefact appears in an AFM image.
5.2.2 Electrical noise
Electrical noises occur within devices, as in the circuits of the AFM and STM systems 
and result in a distorted image. The source of the noise can also be man made, as well as 
being an intrinsic behaviour of the electrical signals. There are several types o f electrical 
noise source, the following being examples.
Flicker noise is a well-known type which often occur in AFM and STM image. It 
is also called the 1/f spectrum. Theoretically, 1/f noise derives from the initial velocities 
of conduction electrons after collisions with defects, that generate a fluctuating voltage at 
a constant current flow (Stephany, 1998). This inverse frequency dependent 
characteristic can be easily seen (see Figure 5.1) in 2-D fast Fourier transform (FFT) of
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an STM image (Park and Quate 1987 ). It also exists in an AFM image, especially at an 
atomic scale.
Figure 5.1 Power spectrum shown characteristic of 1/f noise in STM image (Park and 
Quate 1987 Fig. 2)
Moreover, other naturally occurring noise in an AFM image may happen due to 
the particle-like nature of electrical conduction within the circuit o f the system. For 
examples: a) thermal noise (Johnson noise) caused by the random motion of charge 
carriers in a conductor or semiconductor, b)shot noise caused by charge carriers crossing 
a potential barrier like p-n junction or metal-semiconductor contact, c)radiation noise 
caused by very high frequency electromagnetic wave like gamma ray or X-ray that can 
give impulse noise and result an error in a digital system.
The man made sources of noise can be generally minimised. For examples: a) 
mains hum, caused by electromagnetic induction from power cable or transformer, b) 
spark interference, caused by high frequency noise from a burst of high voltage spikes 
e.g. an ignition of a vehicle, a fluorescent light starter and commutating motor. These 
noises can possibly be reduced by well designed circuit or system and by selecting high 
grade components.
P(w)
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5.3 Noise protection
As described in the previous section, mechanical noise is an important problem in 
imaging by AFM. Particularly, when the atomic resolution is needed or a small scale 
measurement is required. To isolate this vibration, the AFM head can be placed on a 
platform supported by rubber cords which has a low natural frequency (about 1 Hz).
A quiet laboratory or a protective box is needed for an AFM installation. The 
AFM system head is strongly recommended to be placed in a damped enclosures box. 
The prevention of cable tension and placing the head away from noise sources must be 
carefully done. Good planning for setting up the AFM laboratory is to select a proper 
location e.g. ground floor and far away from traffic.
A well-designed system can minimise the effect of vibration, for example , a 
smaller and simple system, a firmly fitting part especially a probing tip holder and a 
sample holder. Using simple components such as springs, O-rings and eddy-current 
damping can probably help to isolation the important part of the system from high 
frequency noise source.
5.4 Noise reduction by filtering techniques
In practice, an AFM image is treated to give a better result by filtering. There are two 
types of filter. Firstly, a frequency domain filter, i.e. 2-D FTT is used to eliminate the 
periodical noise of AFM images. It also reduces information which is represented as a 
nonperiodical feature, e.g. local defects, steps and kinks. Secondly, spatial domain filters, 
e.g. low pass (weighted average) filter, median filter, and high pass filter are used to 
filter out random noise as well as frequency noise. Moreover, there is also a non linear 
type of spatial domain filter such as pseudomedian filter (Weiman et al. 1992).
In practice, these filtering tools are typically included in the software application 
which is delivered with a commercial AFM. However, it is possible to use a spreadsheet 
programme to perform a special filtering. In this thesis, a new development in filtering 
technique is presented which is categorised as a non-linear spatial domain filter. It is 
used to filter out random downward noise, using a so-called closing filter (Castle et al., 
1998).
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5.4.1 Spatial domain filter
Spatial domain filtering is frequently used to enhance AFM images as it combines ease 
of operation with a significant performance. A data file of an AFM image is formatted in 
two-dimensional arrays of pixels in which the value represents a local surface height.
The total number of pixels in each image is normally about 128x128,256x256, 512x512 
or higher pixels. By selecting a small area as a so-called mask, for examples 3x3 mask 
pixels, 5x5 mask pixels and so on, it is possible to operate with mask pixels and either 
linear or non-linear filtering.
As an example, a spatial domain filter, a general form of low pass spatial filtering 
can be defined in terms of the new filtered pixel height, i.e. ^  if a 3 x3 mask is used
then the heights etc. of each pixel can be written as:
Z x-l,y+l Zx,y+1 Zx+1, y+I
Z x-l,y Z'X.y Z x+l,y
Zx-1, y-1 Zx,y-1 Zx+1, y-1
Then the new height of a filtered pixel will be:
1 1 1
% x,y  ~  Q X x+i,y+j ( ^ * 1 )
7  i= - l j -~ \
By the way of computer programming, all pixels in an AFM image will be 
calculated in the same procedure. By this way an AFM image can be eliminates its high 
frequency feature by smoothing all pixels. Likewise, in 3 x 3 median spatial filtering, all 
nine mask pixels will be sorted by ascending order and the new filtered pixel height is 
just selected from the middle value.
5.4.2 Frequency domain filter
The method in frequency domain filter needed the 2-D FFT of the AFM image to be 
enhanced. The noise of particular frequency can be selected and deleted and then the 
inverse transform is performed to produce the filtered image. Those noises which are 
filtered out by 2-D FFT normally consist of both periodical electrical noise and 
mechanical noise. Although, its difficulty of implementation and operation seems to 
make it considerably less use than a spatial filter it is a crucial operation of very high
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performance, especially useful when a periodical surface structure at atomic scale needs 
to be enhanced.
2-D Fourier transform of f(x, y) and its inverse that of F(u, v) are given by 
(Gonzalez and Woods, 1993):
T{/(*,J')} =  =  {  J  f ( x , y )  exp[-y2^(za + vy)]dxdy (5.2)
T"1 {F(w, v)} = f ( x , y )  = |  J  F(w, v) exp[y'2^(MX + vy)]dudv (5.3)
In practice, 2-D FFT is exploited rather than directly using the equation 5.2 and 
5.3. A special procedure, as so-called FFT algorithm was applied in order to saving 
computational time. However, the result by means of Fourier transformation in both 
cases will be identical.
5.5 Origin of Artefact in AFM
There are several sources of artefact concerning AFM imaging. It is obvious that 
artefacts arise from the finite size of a probing tip, from the elastic property of the 
surface, from the surface profile and interaction forces. The broadening artefact may be 
higher significance when the radius of curvature of the probing tip is comparable to that 
of the surface topography. Compression may occur when a probing tip is over some soft 
samples, e.g. measurement ofDNA width is found to be a function of imaging force. 
However, a user can normally minimise or even avoid some of those sources by using a 
very sharp probing tip and reducing contact force by using tapping mode AFM.
5.5.1 Improper choice of an imaging parameter
When imaging in feedback control mode, a user needs to set a proper gain control in both 
proportional gain and integral gain. The scan speed normally relates to the feedback 
control, for example, a fuzzy image will occur if  the feedback control is too high. On the 
other hand, if the feedback control is too low the image contrast will be smoother. 
Furthermore, a scan size must correspond to a scan speed, a small scan size has to 
operate at a very high scan speed and a high feedback control and vice versa at a large 
scan size.
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5.5.2 Piezoelectric scanners
Thermal stability in the piezoelectric scanner can cause thermal drift of the mechanical 
parts (see Plaschke et a l, 1998; Moiseev et al., 1992), which may further cause artefacts 
in an image. Therefore, imaging with AFM is normally undertaken at thermal 
equilibrium of the system and also at the stabilised ambient temperature.
Nonlinearly is inherent in piezoelectric scanners (see Barrett and Quate 1991; 
Durselen et al., 1995), i.e. its extension does not change equally when the same potential 
is applied. In the ideal case, the extension is supposed to be identical at any given 
voltage. Unfortunately, slight variations in the microscopic structure of piezoelectric 
materials can give an extension in a S-shaped form rather than a straight line.
There are other unfortunate properties of the scanner, i.e. hysteresis, creep, 
ageing and cross coupling which also can cause an artefact in an AFM image (Howland 
and Benatar, 1996). Indeed, these effects significantly distort AFM data if  the system, 
e.g. software or hardware has not been corrected. However, a commercial system has 
taken all those problems into account and provides a calibration accessory kit for a prior 
operation.
5.5.3 Finite size of probing tips
In chapter 3, a limitation of AFM concerning the finite size of a probing tip is discussed. 
A user must know how a probing tip probes a true surface in order to generate an actual 
surface as well as the convoluted image. Figure 5.2 shows by a simple case, how a sharp 
tip can generate a better result in AFM data. It is noticed that the artefact caused by a 
high cone angle tip produces a very significant broadening volume. However, this 
cannot be deconvoluted by any image processing technique because of multiple contacts 
of tip and sample. A very high aspect ratio probing tip shape is required for this propose.
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Figure 5.2 A simple case to demonstrate how a high cone angle tip broadened a 
comparable size to that of protrusive surface.
5.6 Artefact avoidance
Several techniques for producing a very sharp tip have been proposed. In general, a 
properly probing tip should have a very low cone angle and a small radius of curvature. 
Furthermore, mechanical and chemical properties of selected material must be stable, 
durable and noble under any circumstance. A probing tip is not supposed to change its 
shape during imaging or have any other properties, which can lead to artefacts in an 
AFM image.
5.6.1 Electron beam deposition tips
Yamaki and his co-workers (1992) have reported a new method to enhance a commercial 
pyramidal S i ^  probing tip. An electron beam in a SEM was aligned to give a beam 
spot at the apex of the gold&carbon-coated tip. The study suggested that an optimum 
accelerating voltage is 5 KeV at an emission current of 90-100 pA and within 2 minutes 
had given a result of a growth carbon tip. The growth tip produced under such 
conditions, a so-called electron beam-deposited (EBD) tip, had an apex diameter of 15- 
40 nm and cone angles from 10° to 40°. Moreover, a comparison of EBD-tip 
performance with a commercial tip by imaging a polystyrene particle array has shown 
that it is very significantly different (see figure 5.3).
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Figure 5.3 Cross-sectional AFM images of a polystyrene particle array: the two top line- 
profiles were measured by EBD-tip while the two lower resulted by the 
commercial pyramidal tips (from Yamaki etaL, 1992 Fig.3).
5.6.2 Ultrasharp tips
Typically, etching away a silicon wafer which serves as a mould substrate is used to 
produce commercial AFM tips, i.e. an indirect tip technology. However, a new 
presented technique for creating high aspect ratio tip shapes in directly etched single 
crystal {100} silicon has been reported by Boisen and his colleagues (1996). A probing 
tip from directly fabricated tip was etched by an isotropic reactive ion etching (R E ) 
process using SF6. This process was carried out in an R E  chamber without breaking 
vacuum and can provide a variety of apex and shank shapes (see Figure 5.4).
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Figure 5.4 SEM images of ultrasharp tips by directly etched process (from Boisen et  a/., 
1996 Fig.3).
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5.6.3 Carbon nanotube tips
Carbon nanotube was first reported by lijima (1991). The outstanding mechanical and 
electrical properties (see Birkett 1999) attracts a researcher to be extremely interested in 
such a new material. Using nanotubes as probing tips has been adopted world-wide (see 
Dai et al., 1996; Li et a l, 1999; Nishijima et a l, 1999; Akita et al., 1999; Stevens et al, 
2000). The diameter of nanotubes can be sized down to 1-2 nm which is the ideal for 
this purpose (see Figure 5.5). Moreover, its mechanical strength and flexibility means a 
nanotube tip can last in good condition for a very long time.
Figure 5.5 SEM image of a nanotube tip prepared by manipulation in SEM (from Akita 
ef a/.,1999 Fig. 6)
5.7 Artefact reduction
There are two important methods to reduce the artefacts present in AFM images. The 
first method is the tangential contact method, known as Legendre transformation (see 
Chicon et al. 1987; Keller 1991; Vesenka et al. 1994), which relies on numerical 
derivatives of the image data which are sensitive to noise. In practice, this method is not 
straight forwardly usable when applied to a non-ideal tip shape. The second method is 
morphological reconstruction (see Keller and Franke 1993; Villarrubia 1994;
Markiewicz and Goh 1994; 1995; Wilson et al. 1995; Leung et al 1997) the basis of 
standard image processing. In this method, gray-scale morphological image processing 
is undertaken by use of the mathematical operations of dilation and erosion (see 
Gonzalez and Woods 1992). There were other methods proposed such as the envelope 
reconstruction (Keller and Franke 1993) which is equivalent to morphological
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reconstruction, i.e. mathematical index difference, and the spherical model method 
which is restricted to images obtained from spheres or near-spherical features of both 
surfaces and the apex of the tip (Gracia et al. 1997).
As described in the previous paragraph, the method which is most widely used is 
morphological reconstruction. However within the limits of currently available 
algorithms reconstruction (Villarrubia 1997) is hindered by downward noise while 
upward noise is clipped in the process (Keller and Franke 1993). The aim of this work 
is to provide a solution to the limitation of downward noise that is capable of use before 
reconstruction, either on its own or with appropriate filters such as averaging filter, 
median filter, Fourier filter, Wien filter, and morphological pseudoconvolutions filters 
(Weisman et al. 992).
5.7.1 Morphological reconstruction
Morphological reconstruction (MR) uses standard image processing operations. It had 
been developed and was used in the field of image analysis and mathematical 
morphology (Gonzalez and Woods 1992) before the existence of SPM images. 
Previously, it had been used with binary images, which are included in commercial 
image processing software packages. Fortunately, though it can be used to improve both 
gray-scale images and SPM images, where each pixel value in the two-dimensional array 
represents the local height of surface. In MR a structuring element (SE) is defined and 
mapped onto the topography of the surface that is to be analysed.
In SPM, the probing tip forms the SE and moves as a sliding function able to yield 
convolution or deconvolution images. This method has two elementary operations, 
dilation © and erosion ©. Combining these two operations gives the other two 
operations, closing •  and opening o. The mathematical formalism for the two 
elementary operations is as follows:
(i) Image convolution by dilation
l(x,y) = S(x,y) © t(j,k)
= ma.x{S(x-j, y - k )  + t(j,k) | ( x - j ) f y - k ) e  Ds} (5.4)
where I(x, y) is an image surface function, S(x, y) is a true surface function and t(j, k) is 
a tip surface function.
74
(ii) Image reconstruction by erosion
R(x,y)=I(x,y)et(j,k)
= min{/(x + j, y+  k)~  t(j,k) | (x +j),(y + k )e  Dj} (5.5)
where R(x, y) is a reconstructed image function.
(iii) Reconstruction o f a real tip shape by erosion
By utilising a sample of known shape, e.g. gold beads, polystyrene spheres, or a 
photoresist grating, the tip shape can be deduced. 
t{x,y)=I(x,y)&S(j,k)
= min{f(x + j, y + k)~  S{j,k) | (x +J),(y + k) e Dt} (5.6)
where t(x, y) is a real tip function and S(f, k) is a known surface function.
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Figure 5.6 (a) A surface function, (b) A tip function (thick line) and its image rotated 
180° about the origin (dashed line), (c) Dilation operation, the equations 
express dilation obtained by sliding the tip past the surface, (d) The image 
function, the result of dilation; a maximum set forms image, (e) Erosion 
operation, the equations express erosion obtained by sliding the image past 
the tip. (f) The reconstructed image, the result of erosion; a minimum set 
forms image.
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(iv) Simplification by a simple 1-D function: section analysis
The operations described above are most easily understood by considering a section 
analysis. Consider the simple surface function, given in figure 5.6(a), and the circular tip 
function (thick line) given in figure 5.6(b). Figure 5.6(b) also shows the rotated tip 
function after, rotation 180° about the origin (dashed line). Dilation is expressed, figure 
5.6(c), by the action of sliding the normal tip (heavy line) past the surface whilst erosion, 
figure 5.6(e), is obtained by sliding the rotated image of the tip past the surface. The 
rotated image of the tip appears as a result of the change of sign of the equivalent 
functions in equations 5.7 and 5.8. Figures 5.6(d) and 5.6(f) represent the result of 
dilation and erosion respectively. The maximum set of numbers in each co-ordinate 
forms an image by dilation while the minimum forms an image by erosion. In the case of 
erosion, figure 5.6(e), double contact points arise. When this occurs the surface becomes 
unreconstructable and the derived image forms a shape equivalent to half the tip function 
in this region.
The expressions for 1-D reconstruction, used for these examples are given by:
/(* ) = S(x) 0  t(j) = mzx{S(x - j )  + t(J) | ( x - j )  g  Ds} (5.7)
R(x) = I(x) © t(J) = min{/(* + j )  -/(/') | ( x+ j)  g  Z)/}. (5.8)
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Figure 5.7 (a) An upward noise results in the same reconstructed surface as images 
free from noise, (b) A downward noise causes a significant distortion in the 
reconstructed surface.
5.7.2 Enhanced morphological reconstruction
Morphological reconstruction causes a “bite or tip-shaped depression” to appear in the 
reconstructed surface when it comes across downward noise (Keller and Franke 1993). 
(see Figure 5.7). Thus upward and downward noise is not equivalent and conventional 
filtering which treats them as equivalent does not give satisfactory solution in SPM. In
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this section we show that ‘patching’ the surface will give a selective method for the 
treatment of downward noise.
This improved method by defining and applying a fiat surface fimction g(j,k) as 
follows:
where I '(x ,y)  is a closed hole (downward noise) image, R'(x,y) is an enhanced 
reconstructed image, “no bite” and g(j ,k)  is the fiat surface function (see Figure 5.8).
(i) Definition ofthe filter function
where d is the round number to the nearest integer of (VzRup / pixel size) i.e. “ the closing 
filter should have a dimension equal to or less than the radius of curvature of the probing
Figure 5.8 The closing filter function.
(ii) Assumption o f downward noise
The best tip we could obtain so far, using the EBD-tip (Hubner et al 1992; Yamaki et al 
1992) process, has an apex diameter of 15 - 40 nm with cone angles ranging from 10° to 
40°. A downward feature of SPM image is never smaller than apex of the tip thus, any 
features that are smaller can be assumed to be downward noise. However, upward noise 
can be eliminated by the tip-image de-convolution, erosion.
r(x,y) = I{x,y) © g(/,£) © g(/,£) 
=I(x,y) •  %(j,k)
R{x,y) = r{x,y) © t{j,k)
(5.9)
(5.10)
The fiat surface function is shown in figure 3, and it should have a maximum size equal 
to the radius of curvature of the probing tip:
g(/,&) = { 0 | / , £ = -</+ 1 , . . . , -2 -1 ,0 ,1,2,...,</- 1} (5.11)
tip.
g ft k)
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(iii) Closing filter's performance versus median filter
Filtering downward noise by using a closing filter is more effective than a median filter. 
This is shown by comparison of figure 5.9 and figure 5.10, in which random noise is 
filtered using both methods. As can be seen, the performance of the closing filter is better 
than the median filter when applying the same size of mask filter; 5 x 5  pixels.
\ /
5x5 closing filter 
5x5 median filter
\ /
Y — — a downward noise
Figure 5.9 Comparison of performance of closing filter with respect to median filter (13 
data pixels in a horizontal scan line).
y x C V v x / X ™ - ®
r v / ^ i — ©
§A downward random noise image.A 5x5 closing filtered image.
A 5x5 median filtered image.
Figure 5.10 Performance of closing filter is better than the median filter when applying 
the same size of mask filter; 5 x 5  pixels.
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" 5x5 closing filter 
(tip function)
•• 5x5 closing filter 
(flat function) 
a downward noise
Figure 5.11 The performance of the tip function as a closing filter compared with that of 
the flat function.
(iv) Why is a flat function selected as a closing filter?
Many structuring element shapes had been tried and it was found that a flat fimction is 
the optimum choice for a closing filter. In fact, the tip function itself (see Figure 5.11) is 
more effective as a closing filter than a flat function. However, the tip function then 
modifies (raises) inclined features, similar to the action of a median filter causing 
smoothing of the real surface (see Figure 5.12). On this basis the use of the flat patch as 
a closing filter is considered to be the most suitable for the purpose of morphological 
reconstruction. The combination of these two procedures is therefore, defined as 
enhanced morphological reconstruction (EMR) and is compared with MR in the next 
section.
an upward real surface feature and 
5x5 closing filter (flat fimction)
5x5 closing filter (tip function)
5x5 median filter
Figure 5.12 The use of the tip function or the median filter as a closing filter modifies 
and smoothes upward real surface features whilst the flat function retains 
the original form of upward surface features.
(v) Enhanced morphological reconstruction performance versus morphological 
reconstruction
Simulations of random downward noise images were tested. To do this a numerical 
simulation was performed to generate the sectional profile of a hemispherical surface. 
The simulated surface was superimposed by simulated random downward noise. Figure 
5.13 shows that using a closing filter can be used to improve reconstruction of any 
downward noise present in an image.
(2} An EMR image.
^j^AMR image.
Figure 5.13 Performance comparison between enhanced morphological reconstruction 
and morphological reconstruction with applied median filter ( 5 x 5  mask 
pixels) before reconstruction.
(iv) Test algorithm with the real SPM images (see Appendix B.)
The closing filter has been tested with the STM image on a noisy and rough surface 
given in the tutorial file provided by Digital Instruments. The scan size of this image is 
550 nm x 550 nm and its pixel size is about 2 nm (pixel array sizes = 256 x 256). The 
image is quite flat and the effective radius of curvature of the tip seems to be small. In 
this case, by selecting the smallest closing filter arrays size 3 x 3, we generate a closing 
filter size of about 6 nm x 6 nm. The result of using this closing filter is shown in figures 
5.14(a), 5.14(b), 5.14(c), 5.14(d) and 5.14(e). These images are, respectively: the 
unfiltered; the 3 x 3 median filtered; the 3 x 3 closing; the image generated by 
subtracting the median filtered file from the unfiltered file, i.e. Figure 5.14(a)-5.14(b) =
5.14(d); and the image generated by subtracting the closing filtered file from the 
unfiltered file, i.e. figure 5.14(a) -  5.14(c) = 5.14(e). Notice that figure 5.14(e) contains 
all the fine downward structures of figure 5.14(a) which shows that the algorithm will 
close the small downward features even they are a part of the real geometry o f the 
surface. So, in using the closing filter as a general filtering method one should know how 
to recognize noise in the presence of real surface features. Thus, this method o f viewing 
the subtracted image can possibly be used to characterize the fine downward features of 
a surface as well as to filter the downward noises.
(T ) A random downward noise image,
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0
Figure 5.14 The tutorial noisy image ( Digital Instruments) 550 nm x 550 nm and gray 
scale range 10 nm: (a) the unfiltered image, (b) the 3 x 3 median filter and 
(c) the 3 x 3 closing filter; gray scale range 5 nm: (d) the subtracted 
unfiltered image (median) i.e. (a)-(b) = (d) and (e) the subtracted image 
(closing) i.e. (a) - (c) = (e).
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Figures 5.15 The granular surface features 256 nm x 256 nm and gray scale range 50 
nm: (a) the unfiltered image, (b) the 3 x 3 median filter and (c) the 3 x 3 
closing filter; gray scale range 5 nm: (d) the subtracted unfiltered image 
(median) and (e) the subtracted image (closing).
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In order to test the filter on a granular surface feature, an AFM image was used 
produced as part of a study of brass (Cu70Zn30) surfaces after treatment in water (95°C) 
under with an oxidizing environment (oxidation/reduction potential = +100 mV). The 
image scan size is 256 nm x 256 nm, which its pixel sizes is 1 nm. We again selected a 
filter array size of 3 x 3 and filtered in the manner used for the tutorial image. Figures 
5.15(a), 5.15(b), 5.15(c), are the unfiltered image, the 3 x 3 median filtered image and 
the 3x3 closing filtered image. Figures 5.15(d) and 5.15(e) are the subtracted image 
(median) and the subtracted image (closing) respectively. Figure 5.15(e) obviously 
shows that only downward noise was filtered from the noisy image of figure 5.15(a). 
Following this further image reconstruction can be performed by erosion with the tip 
fimction, either by reconstructing the tip shape from the image of a known “tip 
characterized or by blind reconstruction (Villarrubia 1998) when the small upward 
noises ( size < Rtip ) will be eliminated.
5.8 Comment on the benefit of reconstruction
The benefit of reconstruction is often considered in purely subjective terms: the 
improvement in image quality. However it is possible to quantify the improvement by 
considering the departure of the reconstructed surface from the true surface by means of 
the 'broadening volume’ described in figure 5.7. Simple 3-D simulations were 
considered in order to mimic the real situation. The volume of the noise image and the 
hole-closed image of a surface asperity is very much larger than the true surface volume 
of the asperity, as represented in figure 5.16.
The difference in volume is given as a fimction of the tip-to-surface radius ratio 
by the upper curve of Figure 5.18. The benefit of MR and EMR are shown in Figure 
5.17. The MR profile shows the 'bite’ produced by the downward noise of Figure 5.16 
although the upward noise has been eliminated in this case. The EMR also conforms 
accurately to the single contact region of the true surface profile but in this case both 
upward noise and the downward bite are eliminated. Thus EMR minimises the 
broadening volume arising from the unreconstructable two-point contact region and 
gives the benefit shown by the lower curve of Figure 5.18 and in Table 5.1.
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holes closed image (T) 
noise image (I) 
true surface (S)
Figure 5.16 An example of a noise image surface, true surface and holes closed 
image.
EMR(R')
 MR(R)
 true surface (S)
Figure 5.17 An example of true surface, morphological reconstruction image surface 
and enhanced morphological reconstruction surface.
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Figure 5.18 Percent of broadening volume of upward hemisphere surface by 
hemisphere tip.
It is noticed that if, for example, the radius of the surface (Rs) is greater than ten 
times the radius of tip (Rtip) the simulated result shows that broadening volume can be 
reduced from 14.6 % to 0.74 % , at the radius of surface equal to the radius of tip the 
broadening volume is 152 % and EMR reduces this to 37.5%.
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R, : Rap 1 2 3 4 5 6 7 8 9 10
Tip broadening 
volume (%) 152 74.2 48.7 36.5 29.2 24.3 20.8 18.2 16.2 14.6
Tip broadening 
volume after 
reconstruction (%)
37.5 11.7 5.02 3.48 2.44 1.79 1.34 1.08 0.87 0.74
Table 5.1 Percent of broadening volume in various radius of curvature ratio.
5.9 Concluding remarks
Surface features with geometric size comparable to the tip shape are encountered 
practically in granular materials, e.g. islands of metal deposited on substrates, as a result 
o f surface degradation, or in biological materials. For quantification of images obtained 
under such circumstances it is strongly advised that artefacts should be reduced by 
morphological reconstruction. Taking the broadening volume as an example, we can see 
from figure 5.18, that for a wide range of curvatures, relative to the apex of the tip, 
images reconstructed be our method are remarkably improved. As the radius of 
curvature of the local surface decreases the broadening volume increases, becoming 152 
% when the surface curvature equals to the radius of tip. The broadening volume will be 
of huge significance when the radius of the surface is smaller than the tip.
Enhanced morphological reconstruction is an improvement of previous 
developments. Limitation of downward noise as a problem of morphological 
reconstruction can be cured using a closing filter. This new approach of filtering by 
applying a flat function as the closing filter is better than the median filter (see figure 
5.9) as its ability to filter out downward noise is more exaggerated. However, many 
kinds of noises are superimposed in SPM images, one should know how to choose an 
appropriate filtering method and how to process the correct reconstruction sequence.
The limitation of the closing filter is basically applied to downward noise dominant 
images. Any upward noise dominant images should be reconstructed using carefully 
selected filtering methods since any of two adjacent upward noises makes a downward 
noise if the distance between its is equal or smaller than the flat function. Thus the 
closing algorithm will also close or distort this region. In other word, it will raise the real 
surface.
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CHAPTER 6
Observations on the full honeycomb structure of graphite as 
imaged by atomic force microscopy
Some limitations in respect of noise and artefacts were discussed in chapter 5. The terms 
of noise and artefacts have been recognised as the main problem of scanning probe 
microscopy techniques since its pioneering times. Nowadays, an operation with 
optimum conditions in AFM has been well promised especially imaging at atomic 
resolution. As previously described in chapter 4, modelling of AFM imaging by means 
of computer simulation suggested how to enhance the corrugation amplitude of atomic 
level images.
In this chapter, highly oriented pyrolytic graphite (HOPG) was used as a sample 
for experimental study of AFM imaging at atomic scale. HOPG has been selected 
because it has a very well known crystal structure, is inert and easy to prepare. The 
result could be correlated to a set of previous simulation images and also confirmed the 
dependence of atomic contrast with tip-surface separation. Moreover, some interesting 
effects of HOPG surface as investigated by AFM will be discussed. The best AFM 
images and imaging conditions has been accepted for publication in Philosophical 
Magazine A (Singjai et al. 2000).
6.1 Introduction
In fact, HOPG is often used to calibrate a high-resolution piezoelectric scanner. When 
one follows this routine calibration for an atomic force microscope scanner by imaging 
HOPG the real honeycomb structure with C-C distance 1.42 Â is expected to be revealed. 
Instead, a structure with the nearest atomic distance of 2.46 À has almost always been 
found (Albrecht and Quate1987, Sugawara et al. 1991).
The unusual AFM image of graphite was explained by calculation, as reported e.g. 
by vonToussaint et al. (1997). They showed that this effect arises because the two- 
dimensional elastic lateral displacement of a cantilever avoids the potential maxima of 
the force constant profile. Even without the presence of a stick-slip effect, the 6-atom 
ring of graphite then splits into alternating A-sites (unseen) and E-sites (seen). The 
earlier works by Gould et al. (1989) offered as an explanation, that the tips used in
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experiments are sometimes asymmetric, for example, having a double atom tip of a bond 
length 1.42 Â. They pointed out that if one of those atoms is only slightly higher than 
the other by, perhaps, 0.2 Â, then the tip will generate the observed asymmetric images.
As shown by the simulation in chapter 4 (figure 4.24) in fact, double atom tips are 
detectable experimentally by a rotation of the scan direction (i.e. rotate the sample). At 
the same time, Abraham and Batra (1989) assumed that the problem was due to accretion 
of a graphite flake. However, Horie and Miyazaki (1990) and Tang et a l  (1993) 
concluded that neither an asymmetric tip nor a graphite flake plays the key role, but the 
tip structure, the tip orientation and the magnitude of contact force interact together, 
which was confirmed by a later report (Sasaki, 1995). Whangbo et al (1994) posed a 
further reasonable suggestion, that because of the difference of hardness the B-site is 
bigger than the A-site. Recently, Atamny et al. 1999 also agreed with this idea and, 
further, showed that the hole-site is the hardest.
Much published work confirms that the lateral forces are dominant in affecting the 
probing tip movement by the so-called “stick-slip” effect (Fujisawa et al. 1995, Sasaki et 
al. 1996, Hôlscher et al. 1997, Hôlscher et al. 1998). It is consistent with the previous 
assumption ofRuan and Bhushan (1994) who attributed the crucial role to the lateral 
forces which can superimpose on the normal force. They have also shown that the 
maxima locations of those two forces are a slightly different and hence only every other 
atom could be seen. Furthermore, a lateral force could be larger than a normal one, and 
hence magnifies or distorts a vertical deflection of a cantilever (Warmack et al. 1994, 
Shang et al. 1998).
Similar observations of every other atom structure of graphite have been made 
using STM. Mizes et al. (1987) attributed this to the effect of multiple atomic tips 
produced whilst other groups assumed that the charge density at the Fermi level 
alternates between A- and B-sites in accord with the vertical alignments of atoms in the 
layer structure of graphite (Tomânek et al. 1987, Tomânek and Louie 1988, Batra and 
Ciraci 1988).
In fact, some of the previous investigations have shown all six-carbon atoms, but 
there was then no clear cut distinction in height contrast between A- and B-sites (Binnig 
et al. 1987, Marti et al. 1987, Bryant et al. 1988, Gould et al. 1989). The corrugation 
amplitudes between a hollow site and the topmost site have also been reported: the
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values found (up to 0.3 Â) agree with helium scattering experiments (Boato et a l  1978) 
and theoretical calculations (Selloni el a l 1985). However, in some cases abnormally 
high or ‘giant’ corrugation amplitudes (up to 24 Â) on graphite in STM imaging were 
found. These are thought to be artefacts created by elastic deformation of a sample by 
contamination-induced forces between surface and the probing tip (Soler et al. 1986, 
Mamin et al. 1986). In addition to elastic effects there has also been discussion in the 
literature concerning the influence of multiple atom tips on AFM images. Thus, for 
example, two atom tips may produce a striped image (Horie and Miyazaki 1990) and 
three atom tips may decrease the corrugation amplitude if  the tip orientation o f the given 
probe is not closely parallel to the direction of hole-hole nearest neighbours (Sasaki and 
Tsukada 1995). The striped image was simulated using a two atom tip in figure 4.24. 
Such artefacts were found in this experimental work, in which case a physical rotation of 
the sample or scan direction was frequently helpful. However, the conclusion from the 
theoretical point of view is that it is possible to get a real honeycomb structure of 
graphite using two and three atom tips but the apparent atomic sites and hole sites are 
then shifted from real positions. In practice, there was a good chance of obtaining a 
successful image using randomly selected tips from a commercial (DI) wafer set oftips:- 
i.e. about 50% of the long thick cantilevers gave good images.
In this work, the practical imaging conditions necessary to obtain complete ‘6- 
atom’ images of graphite in an ambient environment are demonstrated. The various 
spring constants of probing tips and contact forces imaging have been investigated in 
order to understand the relation between elastic properties of the cantilever and 
corrugation amplitude in AFM images. It is thus shown how two dimensional fast 
Fourier transform (2D-FFT) is a powerful technique, which it is used, not only to filter 
out noise, but also to distinguish both A- and B-sites more clearly. The giant corrugation 
amplitudes of graphite have also been found in the AFM images and it is shown that this 
is associated with elastic deformation of the graphite and the stick-slip effect.
6.2 Experimental
The Multimode Nanoscope SPM (Digital Instruments, Inc., Santa Babara, CA) was 
operated in contact-mode AFM at atomic resolution using piezoelectric scanner head A. 
Freshly cleaved highly ordered pyrolytic graphite sample (Union carbide, ZYH) was 
imaged using a variety of silicon nitride tips from DI. Imaging was performed in dry and
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warm air within an isolated enclosure box giving vibration and noise protection (Zhdan 
1997). A special feature of the setup was that the sample was mounted in the, empty, 
liquid cell. The thickness and composition of contamination layers and hence their 
influence on imaging conditions were controllable under these conditions whereas for an 
experiment in open air they could not be controlled. The relative humidity within the 
enclosure box and the temperature inside the cell were both measured.
The following routine procedure was used to provide some reasonable measure of 
control:- the graphite samples were always freshly cleaved by a piece of clear Scott-Tape 
in a clean room and mounted within the cell. The tips were rinsed in methanol to clean 
them from contaminant such as hydrocarbons (Thundat et a l 1993b). Before capturing 
the series of images, the AFM system had been operating and imaging for several hours 
in the temperature and humidity stabilised environment provided by the cell. The force- 
distance curve was checked to make sure that, it did not show a capillary force loop and 
there was no thermal drift in Z-direction.
2-D fast Fourier transform filtering is known to be the best technique to filter out 
most of the non-periodic noise in a periodic SPM image. The selection of the 
appropriate bright-coupled spots in the frequency domain to effect an inverse transform 
uses prior knowledge of the surface structure to be analyzed. As discussed and 
modelled, the graphite lattice (0001) has two periodical distances, i.e. C-C distance, 1.42 
Â and hole-hole distance, 2.46 Â. These distances give two spots, coupled together in 
pairs. It is therefore important to note that in the present case the same transform is 
obtained either by selection of the bright-coupled spots or by just deleting high frequency 
noise in the slow scan direction by placing a single box around the whole of the central 
field of the Fourier space.
2-D Fourier transform of f(x, y) and its inverse that of F(u, v) are given by 
(Gonzalez and Woods 1993):
T { /  (x,y)} = F(u, v) = J  J  f ( x , y )  Qxp[-J2?r(ux + vy)]dxdy (6.1)
T"1 {F(w, v)} = / (x,y) = J  J  F(u, v) exp[j2/r(ux + vy)]dudv (6.2)
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6.3. Results and discussion
The force-distance curves obtained consecutively at one hour intervals over the initial 
period of several hours are shown in figure 6.1(a)-(d). At the early stage, figure 6. la, the 
adhesion force loop was very large as if the relative humidity of the surroundings was 
high. With increasing time, figures Ib-d, the adhesion loop decreased in size with 
respect to both Z-displacement and tip deflection. Throughout this time, imaging had 
been continued even though it produced just a noisy result.
Z  position 25 rim/dlv.
Figure 6.1 Force-distance curves obtained with a graphite sample in ambient
conditions; (a) two hours after start of imaging, (b)-(d) recorded after 
subsequent intervals of one hour.
The lack of a true image in the early stage results from the presence of an adhesion 
force arising from the surface tension of a thin adsorbed layer on the surface 
(Weisenhom et al. 1989). It was found that an image could be achieved only when the 
capillary force loop was eliminated. This result is in good agreement with the report of 
Thundat et a l  (1993a) that the higher adhesion forces reduce imaging resolution. As can 
be seen (figure 6. Id) after a period of scanning the force loop became insignificant and at 
this point the adsorbed layer of water on the sample surface was assumed to be small.
The relative humidity in side the enclosure box was about 20-30 %.
The temperature within the empty liquid cell gradually increased because of two 
heat sources, i.e. the piezoelectric scanner and the laser beam of the AFM system and
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was normally stable at about 35 °C (~ 5-10 °C over ambient temperature). It is assumed 
that this, along with the low humidity, was responsible for the reduction in the thickness 
of the adsorbed layer of water. In undertaking this work it was noticed that thermal drift 
of the Z-piezoelectric scanner and physical adjustment of vertical position of split photo­
diode detectors can give an apparent reduction in the adhesion force loop: this is 
recognisable because it decreased its loop only in a vertical direction. Decreasing the 
loop in this manner does not lead to correct imaging conditions.
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Figure 6.2 Low pass filtered simultaneous height images of graphite; (a) trace and (b) 
retrace scan directions.
Figures 6.2(a) and (b) show simultaneous height images of graphite using trace and 
retrace scan directions respectively and a Si3N4 long-thick cantilever, (k = 0.12 N/M).
For clarity these images have been filtered using a low pass filter to remove some of the 
random noise. The orientation of the scan was parallel to the axis of the cantilever. A 
feature of the images obtained in this work is that the retrace scan image shows an 
inverted contrast with respect to the trace one. Such an inverted-contrast AFM image on 
atomic scale has not been reported. The contrast inversion is attributed to the fact that in 
the retrace scan (a scan in the ‘push’ direction) the probing tip sticks at a hole site and 
bends its cantilever into a convex shape whereas in a trace scan the tip is pulled and 
hence bends the tip into a concave shape. Consequently, the laser beam is deflected in 
the opposite direction for a given surface feature, according to the direction o f scan. This 
could be interpreted as a difference of local friction, i.e. A-site, B-site and hole site, with
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the lateral force being superimposed onto the normal force because of the alignment of 
scan direction with the cantilever. An inverted-contrast image of lateral force is quite 
normal in microscale measurement (Magonov and Whangbo 1996).
It is usual that the raw STM or AFM data images are very noisy, especially with 
high frequency noise in the slow scan direction and most published images are pre­
filtered, in order to avoid artefacts, by a real space filtering such as median filter, average 
filter or low pass filter. In the cases where the real honeycomb structure is observed, it 
is found that six couples of bright spots in the Fourier space image exist in the unfiltered 
data when using a suitable probing tip and the proper imaging conditions. The 
separation of the three inner bright-coupled spots represents a periodic hole-hole distance 
of 2.46 Â and that of the outer three bright-coupled spots represents the periodic C-C 
distance of 1.42 Â.
What 2-D FFT filtering produces is an extract of the real features from the 
superimposed noise frequencies within a noisy image (Park and Quate 1987). However, 
the height of atomic sites (or hole sites) may undergo smearing out (or vice versa) by the 
filtering process. Thus it is recognised that the technique should not be used with any 
defect, step and terrace, and other non-periodical features, except when, as in some 
cases, the result can be compared to show the same features (Guckenberger 1998) in the 
real space filtered image or the raw data.
p f f i i
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Figure 6.3 Fourier transform of figures 6.2(a) and 6.2(b). Rectangle boxes and numbers
indicate selected points for inverse transformation.
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Fourier space images of these two results are shown in figures 6.3(a) and 6.3(b). It 
is noticed that even though the images were the inversion o f each other their patterns 
were similar. All six bright-coupled spots (as numbered) were selected for the inverse 
Fourier transformation. The outer three coupled spots (as numbered 4-6) indicate that 
there were three nearest atomic sites of each carbon atom as we can see in the two
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Figure 6.4 Filtered images as a result of inverse Fourier transform of figure 6.3(a) and 
6.3(b).
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Figure 6.5 Contrast inverted images of figures 6.4(a) and 6.4(b).
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filtered images of figures 6.4(a) and 6.4(b). As in the raw data, these two filtered images
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are merely the contrast-inverted forms of each other: this is shown clearly by comparing 
the inverted contrast forms (figures 6.5(a) and 6.5(b)) with figures 6.4(a) and 6.4(b). In 
all Fourier-filtered images all six-carbon atoms in each hexagon can be clearly seen. The 
3D view of zoom trace image, shown in figure 6 .6 a, gives a particularly dramatic view of 
the full graphite hexagon obtained from the data of figures 6.4 and 6.5. Figure 6 .6 b 
shows a similar view obtained from a different sample of graphite using a new tip. 
Providing good quality long-thick, tips were used with appropriate dry and warm 
imaging conditions then images of the quality shown in figure 6 . 6  could be obtained 
repeatedly.
v n ?nn
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Figure 6.6 3-D view of a zoomed region: (a) of figure 4(a); (b) a similar view obtained 
from a different sample.
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In viewing figures 6.6a and 6.6b, the A- and B- sites which were referred to in the 
Introduction can be identified with ease. The brightest spots represent the B-sites, 
adjacent to each of which can be seen the lower profile of the A-sites. A section analysis 
crossing top sites and hollow sites from figure 6.4(a) is given in figure 6.8. In figure 
6. 8 the similar profile obtained using STM by Atamny et ai (1999) is shown for 
information. The horizontal pitch of the spacings in these two profiles are very close. 
The vertical distances are not the same because the AFM images show the giant 
corrugation amplitude which we discussed in the opening pages. In the AFM study, 
atomic contrasts of about 4.3 Â and 5.3 Â from the hollow site to the A-sites and to the, 
highest-profile, B-sites respectively are formed. The nearest atom distance (C-C) was 
1.4 Â and hollow-hollow distance was 2.5 Â. Using the single atom model as given in 
detail in chapter 4, to simulate graphite we can model the contrast which result from A- 
and B-sites having heights that differ by 1 Â relative to the plane of the A-sites. This is 
shown in figure 6.7 and it is clear that the A-sites are indistinguishable from the hole- 
sites. The ‘bright’ sites are those occupied by the B atoms.
The height (contrast) variation between A-and B-sites is inconsistent even within a 
single experimental image. However this might be anticipated in a new explanation.
Height image simulation at contact force 1 nN 
(Lennaid-Jones, 3 layers of hep(0001), 1 atoms tip)
0.25- 
0.20- 
z(nm) 0.15 
010 H 
0.05 J
Si IlltiK
Figure 6.7 Height image simulations using the Lennard-Jones potential, on HOPG in the 
case of A-and B-sites differ by 1 Â relative to each other.
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This is that the different heights of A and B sites arise because the C-C bonding of atoms 
at A-sites, between the first top layer and the underlying second layer, toggle changes 
between van der Waals and covalent bonds under the influence of the probing tip. In this 
explanation, when covalent bonds are formed under the influence of tip pressure the 
characteristic fiat, sp2, structure of HOPG rumples into the sp3 diamond-like structure, at 
least as far as the outermost atomic plane is concerned. Subsequently there is a 
relaxation back to sp2, in effect, a nano-memory has been observed in the material. The 
transformation of the surface graphite layer to diamond like carbon by excimer laser 
irradiation has been reported by Mechler et al. (1998). The energy required was 2 J/cm2 
to form about 50% proportion of the sp3 hybrid states. Very recently a contact pressure 
induced transformation of diamond to graphite has been reported (Gogotsi et al. 1999) 
showing that under shear forces the reverse transformation also occurs.
One might argue that the effect of tip loading on the surface of graphite should be 
completely elastic. However if the normal force is high enough, an A-site atom would 
be depressed and get close enough to the C atom in the second layer for the sp3 
hybridisation to be favoured over the sp2. The energy states profile of these two meta­
stables may be shaped like that of an activated dissociation adsorption of a gas molecule 
on metals (Masel 1996).
A helpful illustration of the transformation between the honeycomb structure of 
graphite and that of diamond may be found in the paper by Lambrecht et al. (1993). A 
further detailed comparison of such structures in sp2 and sp3 configurations is given in 
figure 6 . 8  of the paper by Kuznetsov et al. (1999).
0 1.00 2.00
Figure 6.8 AFM section analysis of a filtered image of graphite in ambient conditions.
For information, the STM line scan obtained from graphite by Atamny et al. 
(1999) is shown in the upper box.
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In chapter 4 it was shown that corrugation amplitude increased with increase in 
the set-point load. In this chapter the influence of contact force on atomic contrast in 
graphite was investigated experimentally under ambient conditions. It is found, as 
predicted that atomic contrast increased at higher contact forces, with a near linear 
dependence within the range of forces applied, figure 6.9. The result is in good 
agreement with the report of Sumomogi et a l (1998).
Now, however, it can be seen also that the proportionality between contrast and 
load varies with the spring constant of the cantilever. The lower corrugation amplitude 
from the higher spring constant may arise from combination of the elastic deformation of 
the substrate and the spring constant of the probing tip. This is found in the fact that the 
corrugation ratio changed inversely with the ratio of the cantilever spring constants (see 
figure 6.9). The corrugation amplitude ratio was about 1: 5 and is close to the spring 
constant ratio (0.12 :0.58). The full honeycomb image was obtained with each of the 
force settings for the long-thick cantilever and from none of those carried out with the 
thick-short cantilever.
!<h 
b<o
! "
1 -
■  Long-thick cantilever 
(k=0.12 N/M)
•  Short-thick cantilever 
(k=0.58 N/M)
100 200 300
Contact force (nN)
400
Figure 6.9 Dependence of corrugation amplitude on contact force for graphite in 
ambient conditions.
An illustration of the conversion of the {111} surface of diamond to a ‘warped 
benzene ring’ by selective removal of atoms has been given in a review by Thomas
97
(1979). As can be seen from the diagram used by Thomas (Figure 6.10), the warped 
benzene ring has a similar structure to that found in the AFM images described in this 
work. To help in understanding the contrast variation which warped rings would give 
rise to in the AFM image, the simulation given in Figure 6.7 has been extended in its 
scope.
Figure 6.10 Wraped benzene rings of diamond {111} (From Thomas 1979, Fig.7.8)
In the experimental work, full honeycomb structures could be seen when a force 
of 20nN was used. A series of simulations were therefore carried out using this force 
applied to a single atom tip scanning across a three layer model of graphite. A total field 
of 275 atoms/layer (3 layers) was used and the central field of 1.25nm square (60 atoms) 
used to reproduce the image. The sequence started with A and B sites of equal heights 
and then considered images generated by reducing the A sites, relative to the B sites in 
0.0 Inm steps. The advantage of simulating images in this manner is that in every case 
the exact position of the prominent B site is known and hence any unexpected changes in 
contrast resulting from the interplay between A sites and hole sites can be readily 
interpreted.
The series of images, together with appropriate sections are given in Figures 6.11 
a - e. The simulation for a 0. Inm separation is given in Figure 6.12. In figure 6.11 the 
section analysis is taken across the tops of the A and B sites which yield two maxima 
that are separated by the minimum generated by the central hole sites. This is most 
clearly shown in Figure 6.11a (top) for the sites of equal height. The influence, on the 
top-view image and the section analysis, o f each successive lowering of the A site can be 
followed through the series. At 0.02nm and 0.03nm the image and section become very 
similar to that obtained in the present experimental studies and show how a warped ring
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would appear when using the ideal force as discussed in this thesis. Further lowering of 
the A sites causes the image to emphasise only the B sites until eventually, even under 
the relatively high load used in the simulation, the images reproduce the three-atom 
images generated by conventional use of the AFM and the STM. A sub-set of the 
images are shown as 3D views in Figures 6.13 a -e. It is seen that the offset of 0.03nm 
reproduces the asymmetric ‘atoms’ often seen in both AFM and STM images.
In Figure 6.12 a comparison is made of the simulations for equal A and B sites 
and for an A-B off set of 0. Inm. In the latter the B sites are the dominant bright structure 
of the image, as seen in many real images. The section analysis is however, almost 
exactly, the inverted section of the image generated for zero offset. This means that the 
inverted image of a highly warped structure will give an apparent ‘full honeycomb’ 
structure. This is what was found experimentally, as shown in Figure 6.5b. Thus a 
surface that was fully relaxed by formation of sp3 bonds into a diamond configuration 
would still give an apparent honeycomb image when viewed in inverted contrast. The 
major difference between the sections of Figure 6.11 is that they are offset laterally by 
1.46nm. This is in fact the offset that is measured between the normal trace scan of 
Figure 6.4 and the inverted, retrace scan of Figure 6.5b. Therefore the explanation for 
the honeycomb seen in this work and in published work when the contrast in inverted is 
that it is generated by the contrast of the depressed A site and the hole site - and not by 
the A and B sites as is found in genuine honeycomb structures.
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Figure 6.11 (a) AFM simulation of HOPG ; section analysis A = B (top) and B-A =
0.01 nm (bottom)
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Figure 6.11 (b) AFM simulation of HOPG ; section analysis B-A=0.02nm (top) and B-A
= 0.03nm (bottom)
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Figure 6.11 (c) AFM simulation of HOPG ; section analysis B-A=0.04nm (top) and B-A
= O.OSnm (bottom)
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Figure 6.11 (d) AFM simulation of HOPG ; section analysis B-A=0.06nm (top) and B-A
= 0.07nm (bottom)
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Figure 6.11 (e) AFM simulation of HOPG ; section analysis B-A=0.08nm (top) and B-A
= 0.09nm (bottom)
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Figure 6.12 AFM simulation of HOPG ; section analysis B=A (top) and B-A = 0.1nm
(bottom)
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Figure 6.13 (a) AFM simulation of HOPG; A = B sites , Top view (top) and 3D view
(bottom)
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Figure 6.13 (b) AFM simulation of HOPG; B-A = 0.02nm, Top view (top) and 3D view
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Figure 6.13 (c) AFM simulation of HOPG; B-A = O.OSnm, Top view (top) and 3D view
(bottom)
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Figure 6.13 (d) AFM simulation of HOPG; B-A = O.OSnm, Top view (top) and 3D view
(bottom)
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Figure 6.13 (e) AFM simulation of HOPG; B-A = 0.1 nm, Top view (top) and 3D view
(bottom)
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6.4. Concluding remarks
AFM imaging of all six-carbon atoms of each hexagon of highly ordered pyrolytic 
graphite in ambient conditions requires there to be a very small capillary force loop in 
the force-distance curve. This is because an adsorbed layer of water on a sample under 
investigation can hinder the atomic resolution. A means has been suggested by which 
this can be achieved.
In the case of graphite surface, which has a low elastic modulus in the normal 
direction [0001] and a high modulus in the lateral lattice of the sp2 plane, the lateral force 
strongly affects the movement of the probing tip. It is this which gives rise to the 
experimental result, i.e. in the fast retrace towards the end of a cantilever the “stick-slip” 
effect causes an inverted-contrast atomic image of graphite, whilst the trace scan 
direction yields the expected image. This result strongly confirms the influence of the 
lateral force occurring during either pulling or pushing a probing tip over the different 
local friction, i.e. A-sites, B-sites and hole-sites.
Careful selection of all spots in the 2-D Fourier spectrum as a means to filtering 
can improve resolution of surface structures. This enables all atoms in the hexagon 
structure of graphite to be observed. It is noticed that it was use of the less intense spots, 
which are often ignored, which enabled observation of the complete structure. This 
detail may be important to others studying periodical atomic structures.
This thesis suggested an alternative explanation that the inconsistent asymmetry of 
A- and B-sites is evidence of a diamond-like structure in the outer most layer of HOPG. 
This is probably toggle changing induced by probing tip, when covalent bonds are 
formed under the influence of tip pressure the characteristic flat, sp2, structure of HOPG 
rumples into the sp3 diamond-like structure. On this basis we have proposed a possible 
new effect, called "nano-memory" which may find an extremely useful application in the 
next generation of memory storage device (Singjai et al. 2000).
Selection of a high contact force whilst using a low spring-constant cantilever is 
the optimum way of enhancing the corrugation amplitude of high elastic materials, such 
as graphite.
A single atom tip simulation by varying differences between A and B sites has 
shown another reasonable explanation of the inverted-contrast images of the 
experimental result, i.e. simultaneous trace and retrace scan direction. The hole sites of a
I l l
normal full hexagon images are co-incidentally replaced by B-sites in the inverted- 
contrast image. This is, however what will happen in the case of a contact force in the 
optimum range which is just sufficient to make the toggle change between sp2 and sp3 
configuration by one scan in each direction.
The results in this chapter could also imply that an AFM imaging of diamond{ 111} 
will give a result similar to the inverted contrast image AFM of graphite.
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CHAPTER 7
AFM study of the roughness of polycrystalline admiralty brass
In chapter 6, AFM imaging of HOPG was investigated at atomic scale to study the 
mechanism of atomic contrast. The result yields a very good AFM image of graphite, 
which it may be the best one among those have ever published. In general, an atomic 
level imaging is much harder to achieve than a large-scale imaging. Therefore, an 
operation within this range needed a  skilful user to cope with the problems, e.g. a 
properly probing tip, a low atomic contrast and interference noise. However, a large- 
scale investigation by AFM also needed an experienced user to acquire, analyse and 
interpret the results properly.
In this chapter, some parameters concerning surface structure at micrometer scan 
size will be discussed. An AFM investigation in the context of corrosion, i.e. surface 
evolution of admiralty brass under high temperature will be examined. Topographic 
analysis o f its rough surface will be compared with various parameters. Moreover, an 
analysis of the surface by means of scaling behaviour will also be concisely suggested.
7.1 Introduction
Metallographic examination has been developing for many decades by using, for 
example; the optical microscope and the electron microscope. AFM has also been 
invented and thus can be exploited to provide 3-D information of surface structure rather 
than a flat 2-D image like an optical micrograph or an electron micrograph. However, 
characterization of surface topography by AFM may need direct comparisons of those 
results to the other techniques, e.g. SEM (Castle and Zhdan 1997). Some artefact or tip- 
sample convolution during the measurement process (as given in detail in chapter 5) 
should be taken into account by parallel study of the same region.
In general, many parameters are used to characterize surface of engineering 
materials, for example, average roughness, root mean square roughness, skewness and 
kurtosis. Each parameter is suitable for a particular purpose of study and a user needs to 
know how to select one or combination of those to characterise and interpret surface 
topography in the best way.
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7.2 Topographical characterization parameters of surface I
This section will give a brief theoretical background of roughness parameters, i.e. their 
formula and physical meaning. The relation to AFM data will also be discussed in 
respect of practical analysis.
7.2.1 Arithmetic mean roughness (Ra)
The surface roughnesses, Ra together with Rrms are the most universally used roughness 
parameters. The mean roughness is easy to interpret its physical meaning. It is defined 
for N  data pixels as:
where z, is height of an any pixel and z is an average height or centre plane. Normally, 
the average level of AFM images is a zero line and N= 256x256 or 512x512 pixels.
7.2.2 Root mean square roughness (Rrms)
The Rrms in terms of the surface height distribution is a standard deviation (o). It is 
defined by:
As it is weighted by the square of the heights it tends to be more sensitive than Ra to 
large deviations from a center plane. In some cases this can represent an advantage in the 
root mean square over the Ra parameter, e.g. dominant valleys and dominant peaks on a 
rough surface. In other word, the arithmetic mean roughness is not sensitive to valleys 
and peaks. In some very important practical applications the root mean square roughness 
has a definite advantage (Thomas 1982). This can pose a serious deficiency in the Ra 
method, if for example, it is being used to monitor changes in surface topography during 
wear phenomena. The material from the peaks of a relatively bad bearing surface is worn 
away to form a good bearing surface without any change in the Ra value.
7.2.3 Skewness (5*)
The skewness parameter represents the degree of asymmetry of a distribution about its 
mean value or centre line. It is defined by:
(7.1)
(7.2)
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Positive skewness indicates a distribution with an asymmetric tail extending towards 
positive value. Negative skewness indicates a distribution with an asymmetric tail 
extending towards negative values. Figure 7.1 shows the form of the distribution when 
negatively and positively skewed. Where pfzj is the probability density function of 
variable, z  (the height distribution). A symmetry distribution or Gaussian surface has 
zero skewness. The negative skewness (St < 0) is used as a criterion for a dominant 
valley surface or a concave surface, and positive skewness ( & > 0 ) is specified for a 
dominant peak surface or convex surface. Figure 7.2 shows typical profiles and 
definitions of various skew values. In particular, the skewness can be used to distinguish 
between asymmetrical profiles of the same roughness as it is the third moment and 
is more sensitive than ftrms on valleys and peaks.
Several reports show the relation of skewness of roughness distribution and 
properties of materials (Bhushan and Chilamakuri 1996). Non-Gaussian surfaces have 
been studied for minimum friction/stiction on magnetic storage in modem disk drives. A 
surface with positive skewness between 0 to 0.2 should be used for low friction and 
stiction. Another report has investigated sputter-deposited aluminum film by using the 
skew value to monitor grains growth process and has revealed that skewness decreases 
gradually with growing of grain (Furukawa et a l 1996).
p(z)
Sk = 0
Sk = -0.75Sk = 0.75
-4 0 4■3 •2 1 1 2 3
z
Figure 7.1 Distributions of skewness (adapted from Bhushan and Chilamakuri 1996 
Fig. 1a)
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Figure 7.2 Section profiles and definitions of various skew surfaces(from Furukawa et 
al. 1996 Fig.2b).
7.2.4 Kurtosis (K)
The kurtosis parameter represents the peakedness of the distribution. It is defined by:
1 *
K- 2 > ,  - z ) 4 (7.4)
A Gaussian surface has a kurtosis of AT = 3. Figure 7.3 shows the probability density 
function for surface heights with different kurtosis values.
K =  10
K = 3.0
K = 2.5
0■4 ■3 -2 1 1 2 3 4
Figure 7.3 Distributions of kurtosis(adapted from Bhushan and Chilamakuri 1996 
Fig. 1b).
A surface with low kurtosis (K< 3) has a relatively large number of peaks and valleys as 
compared to that of surface with high kurtosis. A surface with high kurtosis (K >3) is 
more relatively flat as it has more pixel heights lying at the average value (z = 0).
116
7.2.5 Height distribution
The surface heights are considered as random variables. Therefore, their statistical 
representation in terms of the probability density function p(z) is known as the height 
distribution. The distribution is calculated by counting the number of pixel heights lying 
between two specific heights. The interval between any two such heights is called the 
class interval and is shown as Az in figure 7.4 ( Thomas 1982). The number of class 
intervals must lie within a proper range. It is crucial to maintain a good resolution.
Â z
Az
________________________ ! . . k
I ; 
-*
I
-A _
F
---------- ►
P(z)
Figure 7.4 A surface profile and its height distribution(from Thomas 1982 Fig.5.7)
7.2.6 Bearing ratio curve and Rk Parameter
The bearing ratio curve is the integral of the surface height histogram and plots the total 
percentage of the surface above a reference plane as a fraction of the depth of that plane 
below the highest point in the image. A bearing analysis reveals how much of a surface 
lies above or below a given height. Figure 7.5 shows a bearing ratio curve and the Rk 
parameter (Advanced Surface Microscopy, Inc. 1998).
'peak
Z
'alley
0 50 100
Bearing ratio curve ( %)
Figure 7.5 An example of bearing ratio curve and Rk parameter (adapted from 
Advanced Surface Microscopy, Inc. 1998).
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The R k parameter gives a summary of information containing in the bearing ratio 
curve, based on a division of the depth scale into three regions; peak region (Rpeak), core 
region (R k) and valley region (Rvaiiey)- Bearing analysis is frequently used in studies of 
quantitative surface differences, surface finishing processes, surface wear and friction.
7.2.7 Power spectral density (PSD)
The PSD is an alternative parameter to characterise surface roughness. It represents a 
periodical feature of surface and provides both lateral and longitudinal. The power 
density of each particular wavelength and its harmonics can be distinguished. The PSD 
is also useful to determine an atomic distance of periodical structures or to test 
reproducibility of the tip when imaging the same roughness surface region (Fang et al. 
1997). The PSD of particular frequency, PSD( f  ) for a profile of length L is defined by 
(Digital Instruments Inc. 1995):
zi exp
v N ( 7. 5)
where j  is the imaginary number ( V -T  )
N  is the total number of pixels 
d0 is a pixel size
and frequency range from 1/L to N/2L
An example of PSD for sinusoidal surface having a wavelength 62.5 nm is 
shown in figure 7.6
Surface plot 2D Isotropic PSD
62.5 nm î 62.5
Wavelength (nm)
Figure 7.6 Sinusoidal surface and its PSD (from Digital Instruments Inc. 1995 
Pages 12-4 &12-5).
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It is noticed that the highest wavelength detected at 62.5 nm, corresponding to the 
dominant waveform of the image. Additional spectra are plotted at shorter wavelengths, 
2 1 , 13, and 9  nm are the third, fifth and seventh harmonics respectively which represent 
harmonic distortion.
7.2.8 Height distribution analysis
The height distribution of surfaces may be composed of multiple dominant high levels. 
Figure 7.7 shows a lathed surface(a tutorial image file from DI) and its three constituent 
symmetry curves (modified peakedness of Gaussian distributions) fitted in the height 
distribution. In this thesis, the result of height distribution was deduced by a spreadsheet 
programme, MS Excel (see an attached diskette). Rrms or standard deviation parameter 
of each different height level can be postulated separately.
Height Distribution of Lathed
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i   real curve
 1st curve
— 2nd curve
 3rd curve
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Figure 7.7 3-D view of lathed surface (top) and its height distributions (low).
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Distribution function p(z) is defined by (Thomas 1982):
P(z) = ^ = e x p ( - z 2 / 2<72 ) (7.6)
where A is a peak height of a distribution; o  is standard deviation or half width of a 
distribution. In the case of summation of distribution pi(z), formula (7.6) can be written 
as:
Ê-PtOO = -^ = e x p ( -z 2 /2<r,2) (7.7)
M ylTT
where i = 1 to n (n = number of height levels, i.e. in Figure7.7 n = 3). From the example 
file in Figure 7.7, it can be postulated a set of constituent distributions as shown in Table 
7.1. The advantage of this is that the roughness of each height is shown, by the half 
width to be the same.
Distribution Center line 
(nm)
H alf width 
(nm)
Probability
(%)
1 (green) middle level -9.4 7.5 42
2 (brown) top level 10.3 7 51
3 (blue) low level -26 7.7 7
Table 7.1 A set of data extracted from postulated constituent distributions.
7.3 Scaling behaviour of roughness surface
Scaling behaviour can be described by fractals, a language for describing and 
interpreting scaling behaviour (Barabasi and Stanley 1995). Isotropic fractals are self- 
similar, which are invariant under isotropic scale transformations. In contrast, surfaces 
are generally invariant under anisotropic transformation, i.e. anisotropic fractals which 
are so called self-affine fractals. Both self-similarity and self-affinity are commonly seen 
in nature and also in surface roughness as a study of corrosion.
There are many reports using the scaling theory to investigate interface roughness 
(Yoshinobu et al 1994; 1995), surface growth (Iwamoto et al. 1994; Liu et al. 1997) and 
surface dissolution (Otsuka and Iwasaki 1996) by AFM. The results in these reports 
show scale-dependence, exponent parameters and saturation values in various rough 
surfaces of metals and semiconductors.
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7.3.1 Self-similarity
A self-similar fractal geometry is defined when its surface looks similar on different 
scale sizes. It is characterized by fractal dimension. As shown in Figure 7.8, two 
different methods demonstrate a constructing of Vicsek fractal. It is noticed that, the two 
pictures with different magnifications are similar.
fe =  0 & =  1 k =-2 k  =  3
mu
Figure 7.8 Two different methods demonstrate of constructing Vicsek fractal (k 
iteration).
7.3.2 Fractal dimension
To quantify a self-similar system, an embedding dimension (De) needs to be defined.
By using N(/) balls of which it has a linear size / and volume F* covers an object 
volume V(Z) i.e. V(/) = N(/) P*. The volume V(/) would be constant even / had been 
changed in the case of fractals dimension, i.e. N(l)~ 1//Df the fractal dimension, Df (Df< 
De) can be written by:
f  = ™ ïo g (ï7 /)  ( 7-8>
Consider Figure 7.8, a calculation of the fractal dimension for Vicsek fractal, 
each time the N(Z) is increased by a factor of 5 while the lateral extension is increased by 
factor of 3 (where / = 1/3 ). Then the fractal dimension of this pattern is:
D = log(5) / log (3) = 1.465 (7.9)
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In general, a fractal Df is greater than DT, where DT is topological dimension of 
an object, e.g. DT — 0  for a set of disconnected points, DT = 1 for a curve, DT = 2 for a 
surface and Dj —3 for a solid. In practice, the physical meaning of fractal dimension is 
not straight forward. However, it is still not commonly used in engineering.
7.3.3 Self-affinity
When an object is rescaled anisotropically in vertical and horizontal directions, it looks 
similar. Such a geometry is called self-affine fractal. Figure 7 . 8  shows rescaling of self- 
affine surfaces.
400
200
X A
•200 5000 lOOOO 15000 ...
too
3000 10000
(C)
-40
-60
-80
-SCO
10200 10400 10000
e
Figure 7.9 Rescaling a self-affine surface.
7.3.4 Spatial scaling
Surface morphology depends on the length scale of image scan size. When AFM 
imaging on mesoscopic scale ( - 1 0 0  nm to 1 pm) is dependent on its observed 
scale. The interface width W(L) is defined as the roughness or scale dependent root 
mean square roughness. The W(L) varies as La ( 0 < a< 1), the exponent a  is called 
the “roughness exponent”, and is related to the fractal dimension, i.e. D = 3-a. The W 
(L) has a saturation value or a cut-off at a finite value ( Ws) which corresponds to the
122
Rrms roughness in the conventional sense, on sufficiently large scales ( L > Ls ). 
Therefore, the general form of W(L) is
> 4 ) (7.10)
where L is the observed length scale 
Ls is the saturation length
When plotting this formula on log-log scales, the roughness exponent can be 
deducted from the slope of the curve as shows in figure 7.10.
log W(L)
saturatio 
interface w
a  J '
'  w .
XLS
log(L )
Figure 7.10 Spatial scaling as a relation of log(L) versus logW(L) and its 
three parameters, Ws, U  and a
7.3.5 Time scaling (Dynamic scaling)
To monitor the roughening process as evolution of time quantitatively, e.g. growth and 
dissolution, the interface width is measured as a function of time. The W(L) varies as tp 
the exponent (3 is called the "growth exponent”or the "dissolved exponent”. A typical 
plot of the time evolution of the surface width has two regions separated by a saturation 
time (or crossover time, ts) as shows in figure 7.11. Initially, the interface width 
increases as a function of time i.e.
W ( L ) ~ ( t < t s) (7.11)
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The power law increases until it reaches a saturation time (the horizontal region 
in figure 7.11). At this saturation region the interface width W(L) varies with La which 
is the relation of spatial scaling by equation (7.10).
equilibruim surface
log (t)
Figure 7.11 Time scaling plot of surface growth and dissolution.
The growth exponent or dissolved exponent can be deducted from the slope of 
log(t) versus logW(L). Moreover, the relation between saturation time tg depends on the 
system size Lz , i.e. ts ~ Lz where z is “dynamic exponent”, z = a  /  P {scaling law). The 
general relation (shown below) is called the "scaling relation".
W(L,t)  ~  La f  (- j f)  (7.12)
7.4 Roughness and scaling of admiralty brass CuZn(30)Sn(1) dissolved in hot 
water
7.4.1 Experimental details
Admiralty brass disc samples ( 0 - 1 5  mm, thickness -  2 mm) were mechanically 
polished by diamond paste down toi pm and were heated near boiling point in de­
ionized water with or without addition of hydrazine (1 drop / 20 cc.). Each sample was 
boiled in a syringe (size 25 cc.) in order to drain air from the container. The syringe was 
dipped into a 250 cc. pyrex flask which was containing hot water (95 °C).
Samples were imaged by contact mode AFM (Nanoscope II) using commercial 
silicone nitride pyramidal tips (Digital Instruments) before and after 1 ,2 ,5  and 10 hours 
of treatment. A scan size of 10 x 10 pm was used to image every sample, in order to 
adjust offset of the images, they were zoomed to be 4 x 4 pm. Each image was analysed
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for Rrms, Ra, skewness, kurtosis, height distribution and 2-D power spectral density 
values.
The four different scan sizes (10 xlO pm, 3 x 3  pm, 1 x 1 pm, and 0.3 x 0.3 pm) 
were also applied to image every samples. The scale length of observation were varied 
and averaged from 10 to 20 values by using a statistical box which moved over the fields 
of each scan size (avoiding the grooves from being mechanically polished). The scale 
length of observations could be varied from 10 x 10 nm to 2 x 2 pm in order to find a 
relation to its roughness.
7.4.2 Roughness analysis
The results show in tables 7.1. and figure 7.12, the R ^  and Ra increase as heating time 
increased. The skewness is changed from negative to positive, it indicates that surface 
features changed from dominant valleys to peaks. The kurtosis is quite over sensitive to 
peaks (deposition of corrosion product; see bright spots in figure 7.15 ), it is noticed that 
at 10 hours treatment the result is not agreement when compared with the results of 
height distribution in figure 7.13. In contrast, the results of the Rms, Ra and skewness, 
show a good agreement. Moreover, after 1 hour heating, most roughness parameters are 
decreased, except the kurtosis. Because of the thin oxide layer which was dissolved.
Time
(hrs)
Rrms
(nm)
Ra
(nm)
Skewness Kurtosis
0 1.86 1.48 -0.08 0.12
1 1.61 1.27 -0.46 3.46
2 2.02 1.61 -0.15 0.16
5 4.46 3.50 0.16 0.27
10 5.87 3.97 2.59 21.51
Table 7.1 shows evolution of time of roughness parameters of brass heated at 95  °C in 
de-ionized water without addition of hydrazine.
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Figure 7.12 Evolution of time of roughness parameters of brass heated as the condition 
in table 7.1.
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Figure 7.13 Evolution of time of height distribution of brass heated a s  the condition in 
table 7.1.
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Figure 7.14 Evolution of time of 2-D power spectral density of brass heated as the 
condition in table 7.1
The results of 2-D power spectral density show that wavelengths of the surfaces 
vary from the pixel size to the scan size and relatively increased with heating time.
These powers are also contributed from noises (1/f ) which are low power in term of 
signal to noise ratio. However we can see that the highest power after heating for 5 
hours appeared at the wavelength of 400 - 500 nm and 700- 900 nm. Figure 7.15 shown 
topograph of heated admiralty brass (a) before treatment (b) after 1 hour (c) after 5 
hours and (d) after 1 0  hours.
7.4.3 Discussion of roughness analysis
Most roughness parameters has shown a good agreement in the results of time evolution 
on admiralty brass sample which degraded in hot de-ionized water. They were increased 
as a result of heating time. After treatment 1 hours its seems to be inverted that because 
the thin oxide layers were firstly dissolved.
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Admiralty b r a s s  be fo re  treatment
(a)
Admiralty b ra s s  a f te r  heating 1 hr (de - ion ised)
(b)
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Admiralty b r a s s  heating 5 hr (d e - io n ised )
(c)
Admiralty b ra s s  heating 10 hr (d e - io n is e d )
(d)
Figure 7.15 shows topograph of heated admiralty brass (a) before treatment (b) after 1 
hour (c) after 5 hours and (d) after 10 hours in de-ionsed water without 
addition of hydrazine.
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It would be useful to decide which parameter is most suitable to characterise 
degradation in hot water. From the results, it is difficult to answer such a question. They 
are all complementary to each other. From the height distribution (Figure 7.13) all 
parameters can be assumed quantitatively. However, of all parameters, Rrms is probably 
the most useful.
This result was influenced by grooves resulting from mechanical polishing. In 
order to get a good result, electro-polishing may be an alternative method after a sample 
was mechanically polished.
7.4.4 Scaling analysis
The result shown that heating samples in the absence of hydrazine given a greater change 
in Rrms than in its presence. This is the effect of oxygen which is reduced by addition of 
hydrazine. Figure 7.16 shown time evolution of roughness on linear scale. Figure 7.17 
shown log -  log scale plot between time versus interface width. The dissolution 
exponent, p = 0.71 before 5 hours and the saturation interface width is WS(L) ~ 4 nm in 
an equilibrium surface. With added hydrazine, p = .29, and the dissolution reaction had 
not reached equilibrium at the maximum heating time of 1 0  hours.
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Figure 7.16 Time evolution of Rrms of admiralty brass heated in de-ionised water.
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Figure 7.17 Log- log plot of time scaling of admiralty brass boiled in de-ionised water. 
7.4.5 Spatial scaling results
The result was taken from the admiralty brass after heated for 10 hours (de-ionised 
water) as example of an equilibrium state dissolution reaction. Figure 7.18 shown the 
time evolution of interface width in a linearscale. Figure 7.19 shown a spatial scaling of 
the interface width against the scale length observation on a log-log scale. The result 
shows that the roughness exponent, a  = .55 at saturation scale length ~ 400 nm and 
saturation interface width WS(L) - 4  nm.
Figure 7.20 is an example of admiralty brass observed by AFM, (a) top view of 
admiralty brass before treatment, (b) top-view of admiralty brass after 10 hours of 
heating in de-ionized water without addition of hydrazine. The spatial scaling was 
extracted from this AFM height data.
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Figure 7.18 The interface width varies by its scale length observation of admiralty brass 
heated in de-ionised water 10 hrs.
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Figure 7.19 Spatial scaling of the interface width against the scale length of
observation on log-log scales of admiralty brass heated for 10 hrs. in de­
ionised water without addition of hydrazine .
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Figure 7.20 (a) AFM topograph of admiralty brass before treatment, (b) after 10 hours 
heated in de-ionised water without addition of hydrazine.
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7.4.6 Discussion and conclusion of scaling analysis
The time evolution of dissolution was investigated in de-ionised water with two 
different concentrations of dissolved oxygen. The spatial scaling was also characterised 
from the equilibrium dissolved surface. The result from water with no hydrazine shows 
the dissolved exponent, p = 0.71 and roughness exponent, a  = .55 at saturation scale 
length ~ 400 nm and saturation interface width WS(L) ~ 4 nm after heating for 5 hours. 
For water with added hydrazine water, p = .29, the degradation had not reached 
saturation when using a maximum heating time of 10 hours.
The result suggested that scale independent of root mean square roughness of 
admiralty brass should be observed at scale length L > 400 nm. Furthermore, the 
saturation time (5 hours heated in de-ionised water without addition of hydrazine) is only 
an approximation result. In order to improve the resolution, the heating time limits, the 
number of data points should to be increased and also to achieve the saturation time for 
samples heating in the water with added hydrazine.
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CHAPTER 8
AFM Atomic Imaging of Polycrystalline Copper in Dilute HCI
Most chapters in this thesis have been established to enhance fundamental knowledge in 
all aspects of AFM, i.e. in both experimental and theoretical background. As chapter 7 
has previously given, AFM can be used to describe micrometer scale and obtain 
parameter by which it is characterised. This prior information is crucial to study surface 
phenomena by using AFM, e.g. adsorption, deposition, inhibition and initial corrosion. 
Many parameters can be obtained by AFM and can be used to further analyse surface 
structures of a sample by using the included software of a commercial system.
In this chapter, a study of initial corrosion of polyciystalline copper will be given 
in which AFM is the major characterisation tool. The optical microscope is also used to 
observe etched polycrystalline copper samples in order to compare micrometer scale 
characterisation of both techniques. Subsequently, atomic scale imaging will benefit by 
selection of the high stability crystal grain to study in an aqueous environment, i.e. dilute 
HCI. An ordered adlayer of adsorbed chloride ions on copper grain will be introduced 
and discussed in detail. In fact, this work has already published (Castle et a l 1999).
8.1 Introduction
This chapter reports an investigation of adsorption of chloride ions on polycrystalline 
copper by means of AFM. A basic guideline for this work has been provided by the 
many experimental studies by STM of chloride ion adsorption on single-crystal copper 
surfaces in aqueous chloride solutions. Such studies have revealed the ordered structure 
of c(2x2)-Cl, sometimes described as (V2 x V2)R45°-C1 (see Vogt et al. 1996; 1998; 
Suggs and Bard 1995) as adlayers on Cu{ 100} whilst on Cu{ 111} the ordered structures 
are (ôVô x 6V6)R30°-C1 (see Suggs and Bard 1994) or (V3 x V3)R30°-C1 (see Kruft et a l
1997).
AFM was used because it has several advantages for this type of work, permitting 
electrochemical investigation without the need for an inherent bias potential and 
circumventing the problem of the non-tunnelling current in STM. This work has applied 
the method to etched polycrystalline copper in order to relate this important new method 
of investigation more directly to the behaviour of engineering metal surfaces at an atomic 
level in the context of adsorption, dissolution, and corrosion.
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8.2 Experimental
In-situ AFM experiments were performed with the Multimode Nanosope SPM (Digital 
Instruments, Inc., Santa Babara, CA) equipped with the scanner head A and a standard 
liquid cell. In preparation for this work have been discussed the appropriate conditions 
needed to maximise atomic contrast in the AFM. This prior work showed that the short 
thick v-frame cantilever tip (spring constant = 0.58 N/m) was the most suitable for the 
needs of this investigation. The copper samples were cut from copper sheet and 
mechanically polished using a sequence of diamond pastes down to 0.25 pm. The 
samples further were etched using a standard metallographic etchant (50 g. FeCl3, 20 ml 
cone. HCI and 960 ml.CHsOH) by alternate immersion and swabbing for three cycles of 
5 sec.
The investigation of microstructure was undertaken before atomic imaging using 
both the optical microscope and the micrometer scan size AFM. The AFM scanner head 
A was calibrated using HOPG before imaging the atomic surface structure. The etched 
surfaces were cleaned and flushed in the liquid cell to remove any oxide using a 
sequence of 10% HCI and ‘milli-Q’ water for three cycles of 5 mins. Imaging was 
performed on this prepared surface under milli-Q water. The published studies on single 
crystals give clear guidance on the surface structures of the Cl-adlayers which might be 
anticipated and, together with knowledge of the nearest-neighbour distance in these 
layers, renders control of electropotential unnecessary.
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8.3 Result and discussion
500 nm
0 20 40 60 80
(f im)
Figure 1. (a) Optical micrograph of the etched polycrystalline copper surface (average 
grain size ~ 10 pm), (b) An AFM 80 pm x 80 pm image at the sam e location 
as (a), labels 1 - 4 indicate the four groups of crystal grain roughness and 
height, (c) Section analysis along marked line in (b).
8.3.1 Microstructures
Figure 8 .1(a) is an optical micrograph of the etched polycrystalline copper surface. The 
average grain size, measured by comparison with standard charts is about 1 0  
micrometers. Figure 8 .1(b) is an, 80 pm x 80 pm , AFM image taken in air at the same 
location as the optical micrograph. The AFM image gives specific information on the 
heights of the different etched surfaces. A section analysis along the line indicated in
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figure 1(b) is shown in figure 8.1(c) and it can be roughly classified into four levels, 
labelled 1 - 4, according to the average height and roughness. It is an interesting that the 
average height of the grains are in linear relation with the roughness (see figure 8.2).
The topmost grains are assumed to be the thermodynamically most stable face, fee 
{111}. These grains are often located adjacent to the grains which have the greatest etch 
rate (labelled 4) and which often show deformation twinning.
(nm)
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Figure 8.2. The relation of average height versus its grains roughness of four groups of 
crystal grains.
8.3.2 Nanostructures
The atomic images of the topmost grains are shown in figure 8.3(a) and 8.3(b). These 
two images are of the same field of view scanned with a differing contact force. In AFM 
the contact force is operator-controlled by specification of a set point voltage. The actual 
contact force can be estimated by knowledge of the sensitivity of the diode detector in 
order to convert between set point voltage and applied force. In these images the image 
at higher contact force [figure 8.3(a)] gives a better atomic contrast which is in good 
agreement with results from simulation (see Sokolov et a l 1997; Komiyama et al. 1995).
0 2 . 0 0  4 . 0 0  6 . 0 0
nw
Figure 8.3 (a) The atomic image of the top most grain (6 nm x 6 nm, set point = -3.0 V) 
(b) Imaging as (a), except the set point (set point = -5.0 V) (c) Fourier 
transform of the unfiltered image shown in (a).
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Figure 8.3 (continued).
T he F ourier  transform  o f  the unfiltered image shown in figure 8.3(a) is given in 
figure 8.3(c) and show s the atomic structure  to  be hexagonal w ith a regular spacing o f  
4.4 À. This s tructure  is clearly the chloride adsorbed layer with a relation to the 
underlying copper  o f  (V3 x V3)R30°-C1. T he results, with an indication o f  the 
corrugation  am plitude (atom ic contrast)  for  the tw o  set points used in the im ages are 
sum m arised in table 8.1.
* * + t 0 . 2  HM
* 0 . 1  hm
0 . 0  DM
step edges and kink sites
Figure 8.4 The atomic image of the top most grain: dislocations at interface of high
packing region (indicated by T ) ’ and the step with associated kink sites (6.5 
nm x 6.5 nm, set point = -3 V).
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Set point 
(volt)
Contact
force
(nN)
Atomic
distance
(A)
Corrugation
Amplitude
(A)
-3.0 F + 34 4.6 ±0.2 0.46 ±0.12
-5.0 F 4.6 ±0.2 0.27 ± 0.07
Table 8.1 Corrugation amplitude dependence of contact forces and the nearest atomic 
distance of chloride atoms adsorbed on etched polycrystalline copper 
surfaces (along fast scan axis).
At intervals the uniform field of adsorbed ions is intercepted by step edges as 
shown in figure 8.4. The step is several atoms distant from the edge artefact at the far 
right of the image and kink sites along the edge are clearly seen. The edge artefact 
results from tip instability as the scan direction reverses and shows as an artificially 
bright (high) fringe to the field of view. In addition to the step, and associated kink sites 
a region close to the step is a highly disturbed. This region is surrounded by a sequence 
of dislocations, indicated by the T ’ symbol, in the adsorbed layer. It could be thought 
that the dislocations alone are responsible for this wedge-shaped intrusion in the uniform 
structure of the adlayer.
-row 1
‘row 2
+ o V
Ah = 0.26 A V
row 3
-5 x 3.6 A-
row 4
row 5
Figure 8.5 Section analysis along one of numbered rows (in Figure 4) parallel to the 
step
However, closer inspection shows that the ions in this region are closer to the 
substrate and have a lower contrast. The section, figure 8.5, along one of the numbered 
rows parallel to the step illustrates this point clearly. It is known from work on contrast
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in the AFM that lower contrast is a consequence of a greater distance from the scanning 
tip. Furthermore, the previous reports of Crapper et ûr/.(1987) by SEXAFS measurement 
and Jona et ar/.(1983) (LEED) have shown a Cu-Cl interlayer spacing of 1.881 Â of the 3- 
fold hollow sites on Cu{l 1 l}and 1.60 ± 0.03 Â of the 4-fold hollow sites on Cu{100} 
respectively (Ah = 0.28 ± 0.03 Â). The height difference in our result between those two 
regions (Ah in Figure 8.5) is in reasonable agreement with these reported findings.
Way et a/. (1996) have in fact shown by shadow-cone-enhanced SIMS that the 
copper-chlorine bond length decreases as packing is increased. This is in accord with a 
further noticeable feature of the disordered region: the packing of ions appears closer in 
the direction along the rows. Sections have been examined for each of the rows, 
typified by that of figure 8.5, and the mean spacing determined. The results are given in 
table 2. Here it is seen that the spacing along the rows decreases, in the disordered 
region, to 3.6 Â. This represents an 18% increase in packing and is in fact exactly (V2 -V 
3)/ V3. Thus one possible interpretation is that the packing here is in a (V2 xV2 ) 
alignment with the substrate.
Row
no.
Disordered region
Length of Number of Average 
disordered atomic atomic 
region (Â) spacing spacing (Â)
Normal region
Average 
atomic 
spacing (Â)
Packing
ratio
(%)
1 14.23 4 3.56 4.51 21.1
2 14.34 4 3.58 4.47 19.9
3 18.22 5 3.64 4.49 18.9
4 18.11 5 3.62 4.42 18.1
5 14.46 4 3.62 4.45 18.6
Table 8.2 Section analysis along the five selected rows (see Figure 8.4).
However, a contrary indication comes from examination of the inter-row spacing 
which seems to be preserved at V3 in this region whereas on a fully developed {100} 
surface this should change to V2. Adsorbate induced reconstruction of surfaces is known 
to occur: it is, for example induced by adsorption of S 02 on Cu(l 11) (see Polcik et a l
1998) and thus this supports the conjecture that there is, here, a partial {100} 
reconstruction induced by adsorption of chlorine. Now, briefly turn to the kink sites. 
Here the kink atoms at the row end increasingly become poorly defined. This has been 
interpreted by others as indicative of motion.
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Behm and co-workers have illustrated by their STM studies that motion of copper 
atoms along step edges can be incredibly fluid, especially in sulphate media. Chloride 
ions were shown to have a strong inhibiting effect on step mobility. The observation, 
here, of steps that for the most part appear stable is directly in support of their findings. 
However, given the tendency for step movement, it is not surprising that chloride 
adsorption tends to fray at the kink site.
8.4 Concluding remarks
Optimum atomic resolution in atomic force microscopy requires a high contact force 
within the limit defined by the need to avoid deformation of the substrate. This is 
achieved by selecting a cantilever with a high spring constant and imaging at a higher set 
point. This confirms the previous theoretical simulations.
Consequently, we have reported a very first AFM image at atomic level on an 
etched polycrystalline copper surface. The adsorbed layer has the hexagonal structure of 
(V3 x V3)R30°-C1 and the substrate structures are assumed to be fcc{ 111}. An 
approximate correlation exists between the surface roughness of different grains and the 
amount of material removed by etching.
This thesis also has found the evidence of imperfection, dislocations, steps, and 
kinks which are the reflection of the underlying substrate.
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C H A P T E R  9
Summary and Further Works
AFM has been shown to be a technique to characterise surface topography from the 
micrometer scale down to atomic resolution. In deed, It has been proved that this 
technique could be exploited this technique to study initial corrosion by both ex situ and 
in situ imaging. Even though STM is better than AFM in the aspect of vertical resolution 
but AFM reveals purely surface morphology and is not limited to conducting materials.
In contrast, STM image may show a mixed image of both surface profile and its local 
conductivity. Moreover, STM may undergo non-tunnelling current in an aqueous 
condition.
This work has shown that successful AFM operation needs optimised imaging 
conditions and also careful selection of a probing tip in order to get a better contrast 
image at atomic level for a given type of mechanical properties of samples and also to 
reveal its true surface profile from mesoscopic scale to micrometer scale. For example, a 
high aspect ratio probing tip is needed to image a very uneven or steep sided wall surface 
in which the tip can access all area without any multiple contacts. In this way. It can be 
sure that a real surface structure is revealed rather than an artefact of the tip broadening 
effect.
The condition for a better atomic contrast in AFM image seems to be that a 
higher contact force is needed, in order to bring the probing tip closer to the surface 
atoms. Therefore, the short-range repulsive force from the nearest surface atoms will 
dominate over the attractive forces from the remainder of the other surface atoms. 
However, the high contact force is limited by elastic deformation of the sample which 
will increase the contact area.
Mathematical morphology has been used to construct an AFM image convoluted 
with a tip having an apex radius of curvature of a finite size. The image would be 
significantly distorted when a fine surface feature with a comparable size to a probing tip 
was scanned. However, the morphological reconstruction is seen to be hindered be 
hindered by downward noise, which caused a bite in the reconstructed image. This work 
has developed a new filtering technique, called a “closing filter”, which it can be uses to 
eliminate downward noise. Therefore, an AFM image will be further deconvoluted after
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it has been treated by a combination of other proper filtering techniques and the closing 
filter.
HOP G is a standard sample, which is very easy to prepare for calibration at 
atomic scale imaging. Intensive work has been done to find the condition required so 
that AFM can reveal all six carbon atoms in its hexagon ring rather than each other atom 
as published by most previous publications. The result shows the dry and warm 
conditions are needed together with a proper probing tip chosen by trial and error for a 
few times. Furthermore, it suggests that a possibility of that diamond-like graphite 
transformation is induced in the surface layer by the contact force of a probing tip.
The surface roughness and its'scaling behaviour have been investigated using 
admiralty brass under high temperature water (95 °C) as an example. In such a 
condition, the samples have shown roughness increasing with time. The study also used 
different types of de-ionized water to examine the effect of oxygen concentration 
modified by addition of hydrazine which provided a reduction (ORP = -lOOmV) or an 
oxidation environment (ORP= +130mV) respectively. The result has clearly shown that 
an oxidation condition is more aggressive. The spatial scaling result has given a 
dissolved exponent of (3 = 0.71 for oxidation and of (3 = 0.55 for reduction and the 
saturation scale length of about 400 nm. It is therefore, shown that the of admiralty 
brass is scale dependent when observed at scale length greater than this number. In 
practice, a scale length of 1 x 1 p,m2 is normally used.
It has been shown that a standard etching method from a metallographic sample 
preparation can be utilised to reveal a well ordered structure of the crystal grains of 
polycrystalline copper by in situ AFM imaging. The correlation of etch rate and its 
surface roughness of copper seems to be linear. The top most grain is less uneven, in 
contrast with the bottom grain which has shown very high valleys and hills. The result 
leads to a conclusion that AFM imaging and analysis of sample roughness can be used to 
intrapolate and extrapolate the rate of attack by a corrodent solution.
The result of atomic scale imaging has shown a very good agreement with the 
result anticipated from prior calculation work. The higher contact force imaging of 
chloride adsorbed on bare copper(l 11) has shown a better contrast than that of a lower 
force. The chloride adlayer structure has shown (Vs x V3)R30°-C1 in the literature 
which is in good agreement with most of single crystal studies. Moreover, this thesis has
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found evidence that chloride ions induced surface reconstruction at imperfections of the 
crystal grain, e.g. at dislocation, steps and kinks.
Further works
Even though, this work seems to be broad and not to have emphasised a particular 
problem, the work has linked a very fundamental approach together with applications of 
AFM. Consequently, it will be a firm background for further works, a particularly of an 
in situ investigation by AFM in the context of corrosion. Engineering materials e.g. 
copper and its alloys can benefit from a study of their aqueous corrosion by the technique 
which it yields a very high resolution at atomic scale. Such studies may reveal 
unprecedented or unexpected behaviour initial corrosion at atomic level and give new 
insight in corrosion science and corrosion engineering.
Appendix A.
Macro Excel for AFM simulation.
Macrol
=ECHO(FALSE)
row=0
=FOR(wYi",0.6495,1.948,0.02) 
=WORKBOOK.SELECT("Sheet1 "."Sheetl") 
row=row+1 
=SELECT(T')
=FORMULA(Yi)
col=0
-FORfXr,0.625,1.875,0.02) 
col=col+1
=WORKBOOK.SELECT("Sheet1 ","Sheetl ") 
=SELECT("X")
=FORMULA(Xi)
=GOAL.SEEK(Tz",6.25,"Z")
=SELECT("Z")
=COPY0
■WORKBOOK.SELECT("Sheet2","Sheet2") 
*»SELECT("R"&row&"C"&col) 
=PASTE.SPECIAL(3,1 .FALSE,FALSE) 
=NEXTQ
«NEXT0
aRETURNO
Appendix B.
The C language source codes of closing filter for the exported Ascii file.
// This programme runs under Windows 95.
// A standard PC system is required.
// Execution timing depends on the image array and 
// the filter array sizes.
// For example, the image array (256x256) with 
// the flat function 3x3 takes 2 seconds for 
II the CPU Pentium 133 RAM 32 MB 
// The SPM files have to be exported as the Ascii file 
II with the header. Use MS WordPad to separate its 
// into two asdi(text document) files.
finclude <stdio.h> 
include <string.h>
inline int Max(int NumOne.int NumTwo)
{
if(NumOne > NumTwo)retum(NumOne); 
else retum(NumTwo);
>
inline int Min(int NumOne.int NumTwo)
{
if(NumOne < NumTwo)retum(NumOne); 
else retum(NumTwo);
}
void main(void)
FILE "head,"in, "out; 
hit 8,t,x,y,ss,tt,nn,mm,
g_array,im_array,
9Lh,g_d, 
x_s,x_f, 
y_s,y_f; 
int **z_dat,**nz_dat,**g_dat; 
char "h dat,
*c_last="+",
h_name[30],
in_name[30],
out_name[30J;
II Getting file names and array sizes 
printffVn Closing filter for SPM Images"); 
printfOn Enhanced morphological reconstruction"); 
printf("\n by: JE Castle, P A Zhdan and P Singjai"); 
printfhnXn Enter header file " txt : "); 
scanff%30s", h_name); 
printf("\n Enter Nano III ascii file " asc : "); 
scanf("%30s", in_name); 
printfOn Enter filter anayfodd integer) : "); 
scanf("%cr, &g_array); 
im_array«256;
printfOn Enter Nano III ascii output file " asc : "); 
scanf("%30s", out_name);
II Make memory allocation for data, flat function and 
II header file
z_dat»new int*[im_array+1]; 
for(s=1 ;s<=im_array;s++) 
z_dat[s]*new int(im_array+1];
nz_dat*new int*[im_array+1]; 
for(s=1 ;s<=im_array;s++) 
nz_dat[s]«new int{im_array+1J;
g_dat=new int*(g_array+1]; 
for(x=1 ;x<=g_array;x++) 
g_dat[xl*new int(g_array+1]; 
h_dat= new chaitSI 92];
// mark the header tag by the plus sign 
head=fopen(h_name,"a");
// leave 8 blanks between header and data
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fprintf(head,"\n \n+"); 
fdose(head);
// read header file 
head=fopen(h_name,V); 
fread(h_dat, sizeof(char),8192,head); 
fdose(head); 
printf("\n Running...");
/ /build g data aney 
for(x=1 ; x<=g_array; x++)
{
for(y=1 ; y<=g_array ; y++)
g_dat[x][y]= 0;
}
}
II read image data array
in=fopen(in_name,T);
for(s=1 ; s<=im_array; s++)
{
for(t=1 ; t<=im array; t++)
{
fscanf(in,"%8d",&nn);
z_dat[s][t]=nn;
}
}
fclose(in);
II write header file
out=fopen(out_name,'V);
fprintf(out,"%s",strtok(h_dat,c_last));
// find maximum value set by operation dilation 
// move g function g(x,y) to the pixel (x,y)=(0,0)
II all (s-x) and (t-y) are only in the domain of image 
II pixels
9_h»(g_array+1)/2 ; 
g_d=(g_array-1)/2; 
for(s=1; s<=im array; s++)
{
x_s=Max(1 ,s-im_array+g_h); 
x_f=Min(g_array,g_d+s);
for(t=1 ; t<=im_array; t++)
{
mm=-32767;
y_s=Max(1 ,t-im_array+g_h); 
y_f=Min(g_array,g_d+t); 
for(x=x_s; x<=x_f; x++)
{
ss=s-x+g_h; 
for(y=y_s; y<=y_f; y++)
{
tt=t-y+g_h;
nn=z_dattssp]+g_datlxHy];
nn=Max(nn,mm);
mm=nn;
>
}
nz_dat[sHtl«nn;
}
}
// find minimum value set by operation erosion 
II all (s-x) and (t-y) are only in the domain 
//of the image pixels 
g_d=(g_array+3)/2; 
for(s*1; s<=im anay; s++)
{
x_s»Max(g_d-s,1);
x_f=Min(g_array,im_array+g_h-s);
for(t=1 ; t<=im_array; t++)
{
149
}
fprintf(out,"\n");
>
fdose(out);
printf("\n Programme Completed!"); 
>
mm=32767; 
y_s=Max(flLd-t,1); 
y_f=Min(g_array,im_array+g_h-t); 
for(x=x_s; x<=x_f; x++)
{
ss=s+x-g_h; 
for(y=y_s; y<=y_f; y++)
{
tt=t+y-g_h;
nn»nz_datIss][ttl-g_dat[xHy];
nn=Min(nn,mm);
mm=nn;
}
>
fprintf(otit,"%8d",nn);
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